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A B STR A C T
This thesis reports a study of the interactions between seedlings, the p lant 
pathogenic fungi Phytophthora cinnam om i and P yth ium  u ltim u m , and a 
po ten tia l disease biological control bacterium  Pseudomonas cepacia, and the 
influence of soil tem peratures and soil m atric potentials on the interactions.
Experim ents were conducted in a glasshouse w ith no tem peratu re  control 
and  in  a constant tem peratu re  room. In the glasshouse, complex in teractions 
existed betw een air tem perature, soil m atric potential and soil tem peratu re  so 
th a t  under a particu la r range of a ir tem peratu res, the tem peratu res of soils a t 
various m atric  potentials were different. These in teractions were im portan t in 
the occurrence of disease caused by Ph. cinnamomi.
Ph. cinnamomi produced sporangia and zoospores only in sa tu ra ted  soil, 
even when soil tem peratures were optimal. Its mycelial activity was not directly 
influenced by soil m atric potentials, bu t was greatly affected by soil tem perature. 
Ph. cinnamomi caused severe dam ping-off and reduced p lan t w eight a t all 
m atric potentials tested  a t 23.5 to 26°C, but did so only in satu rated  soil when soil 
tem peratu res were higher.
W ithin the range of soil tem peratu res and soil m atric  potentials used, 
mycelial growth of Py. ultimum  and the severity of turn ip  damping-off caused by 
the fungus was not affected.
Turnip seedling survival and p lan t weight were significantly reduced in 
sa tu ra ted  soil, indicating a p lan t stress. Such stress possibly contributed to a 
higher incidence of disease caused by Ph. cinnamomi in sa tu ra ted  soil
The disease control effects of Ps. cepacia 526 depended on the specific 
m u tu a l in te ra c t io n s  betw een  th e  b a c te r iu m  an d  th e  ta rg e t  fungi. 
Ph. cinnam om i inh ib ited  Ps. cepacia 526 in  both agar and liquid  media.
Inc/rrecf
-C iicu iifstan tiai evidence^ strongly suggested th a t the inhibition was re la ted  to 
the  production of short-lived antibiotics by the  fungus in  in vitro te sts , bu t 
a ttem pts to isolate and characterize the antibiotics were not successful. N u trien t 
contents of the m edia were critical for the occurrence of th is  inh ib ition  and 
th iam ine was the essential component. Inhibition by Ph. cinnamomi probably 
stopped the bacterium  from moving and m ultiplying along the fungal hyphae in 
cu ltu re , and m inim ized the effects of the bacterium  on the  fungal mycelial 
growth and sporulation in both culture and soil, and on the disease control.
Py. ultim um  did not inh ib it the growth of Ps. cepacia 526, bu t was itself 
inhibited by the bacterium  in both agar and liquid media. Quick movement and 
m ultip lication of the bacterium  along the fungal hyphae occurred in culture, 
w ith  consequent increase of the  fungal hyphal lysis and effective control of 
damping-off caused by the fungus in soil.
Ps. cepacia 526 was able to establish itse lf in the rhizosphere soil and on 
P. radiata roots. It competed effectively with the soil bacteria to form the major 
p a rt of the to tal microbial population on tu rn ip  roots and effectively promoted 
tu rn ip  seedling growth.
The in teractions betw een the fungi and  the bacterium  and  the  p lan t 
grow th-prom oting effects of Ps. cepacia 526 were not affected by the soil 
tem peratu res and soil m atric potentials tested , indicating good adaptab ility  of 
the bacterium  w ithin these ranges.
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CHAPTER 1. GENERAL INTRODUCTION
1.1. The im portance of controlling diseases caused by Phytophthora cinnam omi 
and Pythium  ultim um  by biological means.
Since it was first isolated by Rands in  1922 from cinnam on trees on which 
i t  caused a stripe canker, Phytophthora cinnamomi Rands (Ph. cinnamomi) has 
been recognized from over 60 countries as the cause of a variety  of diseases of 
over 900 p lan t species (Zentmyer 1980). The fungus has become one of the most 
notorious and  w idespread  pathogens of woody p lan ts  in  m ild tem pera te , 
subtropical, and tropical areas. Exam ples of severe diseases include the root rot 
disease from which the avocado industry  in m ost subtropical areas suffered 
g re a t losses, the  dieback of avocado in  S outh  A frica, p ineapple  w ilt in 
Q ueensland, little leaf disease of Pinas echinata  in the southern  U nited States, 
root and collar rot of Pinus resinosa in the eastern  United States, root and crown 
ro t of R h o d o d e n d ro n  p o n t ic u m ,  R. ca li fo rn icum  and R. c a ro lin ia n u m  
(rhododendrons), and  the root ro t of Erica gracilis  (h ea th er) in  G erm any 
(Zentm yer 1980). Ph. cinnamomi also created serious problems of p lan t decline 
and death  in nurseries in California. P lan ts commonly affected included species 
of Erica, C am ellia , M yrtus, P inus, Calocedrus and Chamaecyparis  (Zentm yer 
1980).
In A ustra lia , Ph. c innam om i  has destructively  invaded open forest,
woodland, and heath land  (Weste & M arks 1987). The pathogen was first isolated
CcU./U
from the ja rra h  forest (.Eucalyptus m arginata) in  W estern A ustralialfthen from 
dying native p lan ts in  the easte rn  forests in  New South W ales, and from the 
d iseased forest in V ictoria. L ater, the pathogen was recovered from native 
vegetation in  South A ustra lia  and  from h ea th lan d  in  Q ueensland (W este & 
M arks 1987). The geographic origin of Ph. c innamomi in  A ustra lia  has long
2been the  subject of controversy and discussion, particu larly  in easte rn  coastal 
regions. However, i t  is accepted th a t  the  fungus is a re la tive ly  recen t 
in tro d u c tio n  to W estern  A u stra lia  and  probably also to m uch of sou thern  
A ustralia (P ratt & Wrigley 1970, Weste & Taylor 1971, P ra tt et al. 1972, 1973, 1974, 
P ra tt  & H eather 1972, 1973? 1973^ Podger 1972, W este et al. 1973, W este & Law 
1973, Broadbent & Baker 1974, Weste & M arks 1974).
Ph. cinnamomi has a long history of destruction of A ustralian  forests. In 
W estern  A ustralia, a disease called "jarrah  dieback" was recorded as early as 
1920 (Podger 1972). Ph. cinnamomi was found to be responsible for the disease 
(Podger et al. 1965, Podger 1972). J a r ra h  is the m ain tim ber species in  the W.A. 
s ta te  forests, accounting for 75% of the tim ber cut (Batini 1973). In 1975 the area 
of ja r ra h  forest affected by dieback was 282000 ha, increasing by 20000 ha  per 
annum  (Shea 1975). By 1982 the affected area had escalated to 14% of the state 
forests (Weste & M arks 1987), resulting  in  great loss in  tim ber production. Apart 
from dieback of E. marginata, Ph. c innam om i  has caused root rot disease on 
thirty-six  species of Eucalyptus  (Podger & B atini 1970). M any other native plants 
in  the s ta te  forest were also affected, including species of Banksia , Macrozamia, 
Podocarpus, C asuarina , X an thorrhoea ,  and Isopogon  (Zentm yer 1980). The 
death  of fifty-nine indigenous species in th irty-four genera and th irteen  families 
has been recorded from the infected ja rra h  forest (Podger 1972). Even the fauna 
w ere th re a ten e d  because of d estruction  of food sources and  nesting  site  
(C hristensen 1973). In Victoria, W este and her colleagues found th a t most of the 
42 tested  p lan t species comprising the woody flora were susceptible to damage by 
Ph. cinnam om i.  These included a wide range of p lan ts such as the species of 
P in u s ,  X a n th o r r h o e a ,  Isopogon , H ih h e r t ia ,  P u l te n a e a ,  B a n k s ia ,  H a k ea ,  
Leucopogon, Acacia, Grevillea, and Epacris. In diseased areas, Ph. cinnamomi 
a ttack ed  m ost p lan ts  w ith in  the com m unity, k illing 50% of the  species. On
3severely diseased sites, over 40% of the native stringybarks were killed (Weste 
1974, 1975? 1975^4977, Weste & Taylor 1971, Weste et al. 1973, Weste & Law 1973, 
W este & M arks 1974, Weste & Ruppin 1975, 1977, W este et al. 1976, W este & 
V ithanage 1977). Ph. cinnam om i was also reported  to cause severe dam age to 
the flat coastal forests and tem perate ra inforest in  Tasm ania (Weste & M arks 
1987).
Ph. cinnam om i was the most serious pathogen of avocado and pineapple 
in subtropical New South Wales and Q ueensland (Newhook & Podger 1972, Pegg 
& Alcorn 1972). Following the wet sum m er of 1974, 50% of all avocado trees were 
lost from P h yto ph thora  root rot, and  pineapple suffered 10% reduction from 
pineapple w ilt and top ro t in  Q ueensland (Pegg 1977, Zentm yer 1980). In 
N orthern  Territory, Ph. cinnam om i was isolated from avocados brought from 
central Queensland, and it spread rapidly to o ther avocados (Blowes & Pitkethley 
1981). An average of 5% of the m acadam ia trees in  Q ueensland have Ph. 
cinnam om i tru n k  canker; 50% of these trees have died (Pegg 1973).
P yth iu m  u ltim u m  Trow (Py. u ltim u m )  is d is tribu ted  world-wide as a 
major p lan t root pathogen. It was one of the first soil-borne p lan t pathogens to 
have been studied in depth (e.g. H artley 1921 cited by Baker 1987). This fungus is 
nonspecific as to host p lan ts  and affects a large num ber of p lan t species 
(H endrix & Cam pbell 1973). Since m atu re , lignified p lan t tissues are  not 
affected, w hereas juven ile  or succulent p lan t tissues are very susceptible to 
infection, Py. u ltim um  is especially dam aging to p lan ts  in  the seedling stage 
(Hendrix & Campbell 1973, S u therland  1989). At the early  seedling stage, Py. 
u ltim um  commonly infects p lan t seed and radicle causing seed rot and pre­
em ergence damping-off. The fungus also infects newly em erged seedlings a t 
ground level, causing post-em ergence damping-off. At the la te r seedling stage, 
Py. u ltim um  causes p lan t root rot by infecting young and succulent feeder roots,
4leading to poor root development, shoot stunting, and chlorosis, resulting  in poor 
p lant growth and yield (Hendrix & Campbell 1973, Sutherland 1989).
Examples of severe diseases caused by Py. u ltim um  resu lting  in  economic 
losses can be found in  such diverse p lan t types as forest trees, agricu ltu ral 
crops, h o rticu ltu ra l crops, and vegetables. For exam ple, root d iseases and 
dam ping-off caused  by Py. u l t im u m  were the m ain  disease problem s in  
n u rse rie s  w here coniferous forest trees  w ere grown for re fo res ta tio n  or 
afforestation purposes in B ritish  Columbia, C anada (S u therland  1989). Root 
d iseases and dam ping-off of guayule caused by Py. u l t im u m  in  nu rseries 
severely damaged the rubber industry  in California (Campbell & Sleeth 1945). Py. 
ultim um  was the cause of poor emergence and stun ting  of cotton (Roncadori & 
M cC arter 1972). I t  was also the common cause of root ro t of beans and peas 
(Kraft & Burke 1971), and various grain crops such as w heat and corn (Hendrix 
& Campbell 1973). Py. u ltim um  caused root diseases of sugarcane, safflower, 
soybeans, sweet potatoes^ed clover, lettuce and alfalfa (Hendrix 1964, Hendrix & 
Campbell 1973). It also caused the root disease leading to decline of citrus (Sleeth 
1953), peaches, and pears (Hendrix & Campbell 1973).
Since Ph. c innam om i  and Py. u lt im um  a re  soil-borne p lan t pathogens, 
they are more difficult th an  above-ground pathogens to control effectively using 
fungicides. Furtherm ore, the application of pesticides has been causing more 
and more concern world-wide because of residual effects as environm ental 
pollu tants as well as the high costs for pesticide developm ent and reg istration  
and the developm ent of resistance by the  pathogens. Biological control is an 
alternative disease control method.
In th is  re sea rch , I s tu d ied  the  in te rac tio n s  betw een p lan t^  p lan t 
pathogenic fungi (Ph. cinnamomi  and Py. ultimum), and the potential biological 
control bacte rium  (.P seudom onas cepacia  B urkholder or Ps. cepacia). The
5associations of such interactions with soil tem peratu re  and soil m atric potential 
were also a m ajor component of th is study. The overall aim of the study was to 
explore the possibility of using the bacterium  for the control of p lan t diseases 
caused by the fungi.
1.2. T h e  a s s o c ia tio n  o f  so il e n v iro n m e n ta l  c o n d itio n s  w ith  P h y to p h th o r a  
cinnam om i an d  P yth iu m  u ltim u m  a n d  w ith  th e  d iseases they  cause.
P hytoph thora  c innam om i produces four spore stages (zoosporangia, 
zoospores, chlam ydospores and oospores) in  its  life cycle (Zentm yer 1980). 
P yth ium  u ltim u m  produces sporangia, chlam ydospores and oospores, bu t not 
zoospores (Drechsler 1946, Hendrix & Campbell 1973). Ph. cinnam om i is believed 
to infect p lan ts by mycelium and zoospores (Marx & B ryan 1969, M alajczuk & 
Theodorou 1979) w hereas Py. u ltim um  infects p lan t by mycelium and sporangial 
germ tubes. Soil environm ental factors play im p o rtan t roles in  the growth, 
reproduction and survival of Ph. c innam om i and Py. u ltim um  and in the 
disease incidences.
1.2.1. The effects of soil tem peratu re  and soil m oisture on Ph. cinnam om i and
Py. u ltim um  and on the diseases they cause.
Of environm ental factors, soil tem peratu re  and m oisture are im portant in
affecting Ph. cinnam om i and Py. u ltim um  in  the ir mycelial growth (Sommers et
al. 1970, Reeves 1975, Gisi et al. 1980, Zentm yer 1980, Lifshitz & Hancock 1983,
Benson 1984), production, germ ination and conversion of spores (Bainbridge
£  dyers
1970, Sommers et al. 1970, Lum sden et-etk 1975, Reeves 1975, Gisi et al. 1980, 
Zentm yer 1980, K uan -et  -etl. 1982, L ifshitz & Hancock 1983, Benson 1984), 
saprophytism  and survival (Hoppe 1966, Zentm yer & M ircetich 1966, Munnecke 
& Moore 1969, Hendrix & Campbell 1973), and consequently the diseases they
6cause (B atem an 1959, 1961, Chee & Newhook 1965, K raft & Roberts 1969, 
Pieczarka & Abawa 1976, 1978).
D eterm ination of cardinal tem peratures for growth on various media of 50 
A ustra lian  isolates of Ph. cinnam om i showed th a t growth did not occur outside 
the range 5-35°C (Shepherd & P ra tt 1974). Zentmyer reviewed the extensive data 
on the  effect of soil tem perature on growth of Ph. cinnam om i and stated  th a t the 
cardinal tem peratures for growth were 10°C, 24-27°C, and 32-34°C. However, in 
the  sam e article, he also gave the cardinal tem peratu res for growth as 5-15°C, 
20-32.5°C, and 30-36°C. The cardinal tem peratu res for production of sporangia 
and  chlam ydospores are sim ilar to th a t for grow th, w hereas the optim um  
tem peratu res for oospore production are lower. Ph. cinnam om i was classified as 
a m oderate tem perature species (Zentmyer & M arshall 1959, Zentmyer 1980).
A lthough the  association of soil tem p era tu re  and m oisture w ith  the 
incidence of diseases caused by Ph. cinnam om i and Py. u ltim u m  have been 
studied extensively, the results obtained by different researchers were not always 
iden tical. For exam ple, a lthough it has been widely accepted th a t diseases 
caused by Ph. cinnamomi were more severe in wet than  in  dry soils (Sterne et al. 
1976, S terne et al. 1977, Gilmour et al. 1979, Wilcox & M ircetich 1979, K uan & 
Erw in 1980, 1982, Blake & MacDonald 1981, M atheron & M ircetich 1985), there 
were also reports th a t diseases caused by Ph. cinnam om i occurred w ith equal 
severity  in  dry and wet soils (Blaker & MacDonald 1981, M atheron & M ircetich 
1985).
Soil tem peratu re  reflects the balance betw een the h eat energy gains and 
losses (Armson 1977). Solar rad iation  provides the prim ary h ea t energy which 
affects the  a ir tem peratu re . P a rt of the energy is rad ia ted  back by the soil 
surface, p a r t is used in w ater evaporation, and p a rt is received by the  soil 
resu lting  in tem perature  rise.
7Soil m oistu re  content exerts a g rea t influence on the soil tem peratu re
regim e (Armson 1977). Volumetric heat capacity, which is the quan tity  of heat
required  to ra ise  the tem perature by 1°C of 1 cm^ soil, is an im portan t therm al
property. The volum etric heat capacity of w ater is higher than  th a t of most soil
solids and greatly  exceeds th a t of a unit vehw n^of soil when gases fill the voids.
"  l/oCume
The volum etric h ea t capacity of a soil therefore increases w ith  increase in 
m oisture content. The ra te  of tem perature change in  soil of high w ater content is 
therefore less th a n  in  dry soil. A nother influence of soil m oisture originates 
th rough the  cooling caused by evaporation. The ra te  of evaporation is largely 
controlled by differences in  w ater potentials, tem p era tu res  and tortuosity  of 
pathw ays betw een a source and a sink for water.
Complex in te rac tio n s  therefore  ex ist betw een a ir  tem p e ra tu re , soil 
m oisture and soil tem perature. The tem perature  regime of a particu lar soil may 
be very different a t various soil w ater contents (which is associated with different 
m atric potentials) in one location with a particu lar range of a ir tem peratures, or 
a t the  sam e w a te r con ten t b u t a t d ifferen t locations w ith  d ifferen t a ir 
te m p e ra tu re s . Such complex in te rac tio n s  betw een  a ir  te m p e ra tu re , soil 
m oistu re  and  soil tem p e ra tu re  are im p o rtan t in  d e term in ing  the  disease 
incidence caused by Ph. cinnamomi. It is therefore im portan t th a t, in the design 
of experim ents and  in the in terp re ta tion  of resu lts, a tten tion  m ust be given to 
these in teractions ra th e r th an  to a particu lar variable. It is not surprising th a t 
re su lts  an d  conclusions obtained  by d ifferen t resea rch ers  are not always 
identical.
A p articu la r soil environm ental factor m ay play quite different roles in 
the  disease incidences in  different pathosystemj,. Conclusions on the role of soil 
tem p era tu re  and m oisture cannot be m ade w ithout tak in g  in to  account the 
specific soil and  host p lan t characteristics. Such conclusions should be based on
8a system atic study in regard to the effects of soil tem peratu re  and m oisture on 
the p lan t, on various stages of pathogen life cycle and finally on the disease 
incidence.
Soil tem peratu re  and m oisture may affect disease incidence through their 
d irec t and  in d irec t influences on both  the  pathogens and  the  p lan ts . For 
example, the  root disease severity of Persea indica was linked to the effect of soil 
m atric potential on Ph. cinnamomi. The percentage of diseased roots averaged 
80 to 90% a t m atric potentials of zero; 50% to 90% a t -5 kilopascal (kPa); and 10 to 
50% a t -10 kPa. At -25 kPa, only a few lesions occurred (S terne et al. 1977). 
However, the  soil m atric potential may also have directly affected the disease 
severity by predisposing Persea indica p lan ts to the pathogen in sa tu ra ted  soil. 
In  fact, there  are m any exam ples of such direct effects on the  p lants. Jehne 
(1971) concluded th a t the prim ary cause of root rot of Pinus radiata caused by Ph. 
cinnamomi was the adverse soil environm ent, in which waterlogging restricted 
rooting, stim ulated  Ph. cinnamomi activity and led to stress through subsequent 
d rdught because of the inability  of the tree roots to m ain ta in  sufficient w ater 
uptake. B laker & MacDonald (1981) found th a t soil m oisture extrem es (wet or 
dry) th a t  commonly occur both  in  n u rse ry  and  landscape p lan tings could 
predispose norm ally re s is tan t rhododendrons to root and crown rot caused by 
Ph. cinnamomi. It was also found th a t severe diseases caused by Py. ultimum  
were closely and  positively associated w ith low soil tem pera tu re  and high soil 
m oisture (B atem an 1959, 1961, K raft & Roberts 1969, Pieczarka & Abawa 1976, 
1978). Soil m oisture did not affect disease severity through its  direct effects on the 
pathogen, bu t through its influence on the am ount of p lan t root exudates. High 
soil m atric  po ten tia l increased the p lan t root exudation which provided the 
fungus w ith n u trien ts  necessary for germ ination and grow th in  soil and thus
9increased the disease incidences (Kerr 1964, Schroth and Cook 1964, Stanghellini J? H***ocA 
et~ed. 1971^0sburn & Schroth 1986).
S im ilarly , i t  is also im p o rtan t not to neglect the  pathogens when 
conclusions on the im portance of soil tem perature and m oisture are based on the 
linkage between the ir effects on the p lan t and th a t on the disease incidences. For 
exam ple, i t  was found th a t  resistance of B a n ksia  g ra n d is  and E u c a ly p tu s  
m arg ina ta  to Ph. cinnam om i changed w ith soil tem pera tu re  (Shearer & Shea 
1987, S h earer et al. 1987). G ran t & B yrt (1984) concluded th a t E u c a ly p tu s  
m arg ina ta  was susceptible to Ph. cinnam om i a t 28°C, bu t re s is tan t a t 14°C.
However, th a t the p lan t was not susceptible a t 14°C may be simply because the 
activity of the pathogen was reduced a t th a t lower tem perature.
A p lan t pathogen m ay need only a small population in  the soil to cause
severe p lan t disease. Soil tem peratu re  and m oisture m ay impose significantly
adverse effects which reduce the pathogen population b u t not the  disease
incidence. I t is therefore necessary to study the effects of soil tem peratu re  and
m oisture on the pathogen and relate  them  to the disease incidence. For example,
N esb itt et al. (1979fc/ found th a t soil m oisture and tem peratu re  affected hyphal
lysis and sporangial production in  Ph. cinnam om i. Hyphal lysis was most rapid
in soils at, or below, field capacity when incubated a t 25-27°C. Sporangia were
not formed in soils below field capacity and only very slowly in waterlogged soil.
Sporangia were not formed a t tem peratures below 1 5 °G /^ e s te  et al. (197ß,^l9^“?y
l / J e s t t  & Ruffin ( / 9  7S. 1977> a n d
£325) found th a t both low tem peratu re  from autum n to early sum m er and dry 
soils in  sum m er and au tum n were correlated w ith a significant decrease in  Ph. 
c in n a m o m i population, in  the B risbane Ranges independently  of site. These 
resu lts  provided valuable  inform ation on the range of soil tem p era tu re  and 
m oisture th a t may adversely influence the pathogen, bu t w hether such adverse 
effects were enough to reduce the disease incidence needed fu rther investigation.
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P lan t fungal pathogens usually  produce several m orphologically and 
functionally  d ifferen t stages in  th e ir  life cycles and soil tem p e ra tu re  and 
m oisture may significantly affect pathogens a t some life-cycle stages bu t not at 
others. The roles of the various pathogen stages in  disease incidence and  their 
association w ith soil tem perature and m oisture need to be studied. Although Ph. 
cinnam om i may infect plants by mycelium and zoospores, the role of mycelium 
in p lan t infection and its  association w ith soil tem peratu re  and m oisture have 
not received enough a tten tion  (M arx & B ryan 1969, M alajczuk & Theodorou 
1979). Enhanced sporangial production and zoospore release were usually said to 
lead to severe diseases in wet soils (Zentmyer 1980).
E xperim en ts  on the associations of soil te m p e ra tu re s  an d  m atric  
po ten tia ls  w ith  tu rn ip  seedling grow th and w ith  the  dam ping-off of tu rn ip  
caused by Ph. c innam om i and Py. u ltim u m  are reported  in  chap ter 3. The 
associations of soil m atric potentials w ith the mycelial growth and reproduction 
of Ph. cinnam om i and w ith the mycelial growth of Py. u ltim um  were studied 
(C hapter 6). By linking and discussing the resu lts , I a ttem p t to provide an 
overview in regard  to the role of the p lan t and th a t of the fungal growth and 
rep roduction  in  the  d isease incidences and  th e ir  associations w ith  soil 
te m p e ra tu re  an d  m a tric  p o ten tia l used . The in te ra c tio n  betw een  soil 
tem perature  and soil m atric potential is also discussed.
1.2.2. The association of n u trien ts  w ith Ph. cinnam om i and Py. u ltim um  and 
with the diseases they cause — A lite ra tu re  review.
N u trie n t availab ility  is an o th er im p o rtan t factor which affects P h. 
c in n a m o m i  and Py. u ltim um  and  the d iseases they  cause. In  experim ents 
reported in  th is thesis, I did not study the effects of nu trien ts  on Ph. cinnam om i 
and Py. u ltim um  disease incidences. However, the im portance of n u trien ts  in
the  in te rac tions betw een Ps. cepacia and  the fungi was a m ajor p a rt of the 
studies.
Ph. cinnam om i showed great varia tion  in growth and spore production 
depending  on n u tr ie n t source. Roncadori (1965) s tu d ied  th e  n u tritio n a l 
requirem ents of 60 isolates belonging to 25 species of P hytophthora . He found 
th a t glucose, fructose, mannose, and xylose were good carbon sources for growth 
of Ph. c in n a m o m i and  th a t KNOß was a good n itrogen  source. Chee and 
Newhook (1965) tested  20 carbon sources for grow th and sporulation of Ph. 
c in n a m o m i  in  soil. The b est carbon sources for grow th and  sporangial 
production were dextrin, starch, and sucrose. Growth was slow w ith xylose, bu t 
m any sporangia were produced. Ayer and Zentm yer (1971) found th a t production 
of sporangia by Ph. cinnam om i was inh ib ited  by glucose and glutam ic acid 
under axenic conditions and in  nonsterile soil extracts.
Chlam ydospore germ ination in  Ph. cinnam om i and Py. u ltim um  was 
also influenced by nutrien ts. The chlamydospores of Ph. cinnam om i germ inated 
e ith e r by num erous germ tubes or by a germ  tube bearing  a sporangium , 
depending on the level of available exogenous nutrient$(M ircetich et al. 1968). In 
nonam ended, n a tu ra l soils, large num bers of germ ina ted  chlam ydospores 
developed a sho rt germ  tube bearing  a sporangium , w hereas in  glucose- or 
asparagine-am ended soils most germ inated chlam ydospores developed several 
germ tubes th a t formed mycelia (Mircetich & Zentm yer 1969). Low am ounts of 
available n u trien ts  in the na tu ra l soil were thus found to be the prim ary factor 
lim iting  germ ina tion  (M ircetich et al. 1968, M ircetich & Zentm yer 1969). 
Sporangia of Py. u ltim um  stored in soil for 11 m onths germ inated in 1.5 h and 
germ ination  reached  a m axim um  3 h a fte r n u tr ie n ts  were added to soil 
(S tanghellini & Hancock 1971). More germ ination of sporangia of P yth ium  was 
induced and lysis was prevented when soil was am ended with glucose, maltose
12
and particu larly  sucrose or w ith glutam ic acid, yeast extract, and asparagine 
(Agnihotri & V aarta ja  1967). Survival of Py. u l t im u m  was affected by soil 
nutrition . Sterols and calcium stim ulated  oospore form ation, leading to greater 
survival (Hendrix 1964, Yang & Mitchell 1965).
Only a few stu d ies  exam ined  th e  v itam in  req u irem en ts  of P h .  
c in n a m o m i.  However, it  was confirmed th a t th iam ine was the only vitam in 
required by the fungus (Chee & Newhook 1965, Cameron 1966, Roncadori 1965).
N u tritio n  also affected Ph. c in n a m o m i  and Py. u l t im u m  d is e a s e  
incidences. For example, n itra te  and potassium  reduced damping-off of tomato 
and cucum ber caused by Py. u lt im um  in  m oist soil, w hereas am m onium  and 
phosphate did not (Yale & V aughan 1962). Deficient or excessive levels of 
calcium  increased  susceptib ility  of ben t grass to Py. u l t im u m  (H endrix & 
Campbell 1973). It was also suggested th a t a t -25 kPa in sandy loam, soil nu trien t 
availability  ra th e r  th an  m atric  potentia l lim ited root disease caused by Ph. 
cinnamomi (Sterne et al. 1977).
1.3. B io log ica l control by Pseudom onas cep a c ia  o f p lant d iseases cau sed  by 
Phytophthora cinnam om i and Pythium  ultim um .
1.3.1. Biological control of p lan t diseases — General concepts.
W ith in  the  n a tu ra l soil w hich is in h ab ited  by a m ixed m icrobial 
population, an tagonism  is a commonly occurring phenom enon betw een the 
microorganisms. All microorganism s are affected, directly or indirectly, by one 
or more o ther microorganisms (G arre tt 1950). Antagonism  refers to a reduction 
in  growth and in activity of one microorganism, as a resu lt of the activity of one 
or more other microorganisms (W aksman 1941). Antagonism can be divided into 
"general an tagonism " and "specific an tagonism " (G erlagh  1968). G eneral 
antagonism  refers to the antagonism  experienced by one organism  as a resu lt of
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the activity of a wide range of organism s, while specific antagonism  refers to the 
antagonism  against one organism  by a single organism  or a specific group of 
o rgan ism s.
V ariation in  disease incidence in  n a tu ra l environm ents has long been 
recognized (Cook & Baker 1983). N aturally  occurring p lan t disease suppression 
has been recognized since 1892 when F u sa r iu m  w ilt diseases of cotton were 
found to be more prevalent in sandy soils than  in clay (Baker 1987). Biological 
control was defined by Baker (1987) as "the decrease of inoculum or the disease- 
producing activity of a pathogen accomplished through one or more organism s, 
including the host p lan t but excluding man". It is the antagonism  between p lant 
pathogens and other microorganisms th a t form the basis for the development of 
biological control of p lan t disease.
Biological control of p lan t disease can be achieved by modification of the 
biological equilibrium  of the pathosystem  in ways th a t are unfavorable to the 
p lan t pathogens b u t favorable to the ir n a tu ra l antagonists.
Suppressive soil was defined as a soil in which disease developm ent was 
suppressed  even though the pathogen was in troduced  in  the  presence of a 
susceptible host p lan t (Baker & Cook 1974, Hornby 1983). On the other hand, soil 
in  which disease developm ent was s tim ulated  was defined as conducive soilp. 
A lthough physical and chemical environm ental factors may be responsible for 
disease suppression, m ost exam ples of suppression in soil were biological in 
n a tu re  (Scher & B aker 1980, B aker 1987). Suppressive soils are of g rea t 
im portance in the  biological control of p lan t disease and can be exploited in 
m any  ways. M onoculture is som etim es a m ethod for th e  in d u c tio n  of 
suppressiveness. For example, specific suppression of take-all was fostered by 
w heat monoculture bu t may be lost from a soil by fallow or rotation w ith certain  
crops (Cook & Rovira 1976). D isease suppression  can also be obtained  by
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transferring  a portion of suppressive soil into a conducive soil. Suppressive soils 
are good ^ so u rc e s  for the isolation of prom ising biological control agents of 
p lan t diseases.
The biological balance of the pathosystem  can also be directly modified by
additions of inorganic or organic m atter^, called "soil amendment*. Organic soil
am endm ent is of g rea t im portance in  the  biological control of p lan t disease,
because the addition of already decomposed am endm ents may introduce into the
CLTne'uSmenjf'
pathosystem  new m icroorganism s which are adapted  to the a a n d  can 
compete w ith  the  pathogen more effectively. Soil suppressiveness can be 
enhanced  by soil am endm ents, and tra n sfe rre d  to d isease conducive soils 
(Boosalis 1956, Cook & Rovira 1976).
The biological balance of the pathosystem  can be indirectly  modified 
th rough the  physical characteristics of the soil. For exam ple, soil pH can be 
affected by e ith e r lim ing or the addition of a fertilizer. Soil w ater can be 
controlled by irrig a tio n , drainage and  tillage. T illage can also affect soil 
tem perature to some extent.
Biological control of p lan t disease can also be achieved by artificially  
in tro d u c in g  in to  th e  p a th o sy s tem  a m ic ro o rg an ism  or a g roup  of 
m icroorganism s selected  for th e ir  p o ten tia l an tagon ism  to the  pathogen  
(Papavizas & Lum sden 1980). M any soil m icroorganism s, including  fungi, 
actinomycetes and bacteria, are antagonistic to a range of p lan t pathogens and 
thus can be explored for the control of p lan t diseases (Wood & Tveit 1955, Cooksey 
& Moore 1982, Capper & Campbell 1986).
Biological control of p lan t disease by antagonists occurs through various 
m echanism s. Theoretically and trad itionally , these m echanism s are classified 
as hyperparasitism  and predation, antibiosis, lysis and competition.
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H yperparasitism  occurs when one m icroorganism is parasitic  on another 
(Boosalis 1964). It involves an in tim ate contact between the host fungus and the 
hyperparasite . M ycoparasitism  is a well-docum ented phenom enon referring  to 
the parasitism  of one fungus by another (B arnett & Lilly 1962, Griffith & B arnett 
1967, B arnett & Binder 1973). M ycoparasites are w idespread and examples can 
be found am ong all groups of fungi from the  ch y trid s  to th e  h igher 
basidiomycetes (Durrell 1968, H uang 1977, 1978, Ayers & Adams 1979, 1979, 1981, 
Lum sden 1980). Bacterial parasitism  is sim ilar in concept, a bacterium  parasitic 
on ano ther microorganism.
A ntibiosis refers to the inhib ition  of one m icroorganism  by ano ther 
through the production of antibiotics, i.e. antagonistic m etabolites. Mycolysis is 
defined as the loss of protoplasm in fungal struc tu res and  the dissolution of the 
cell wall due to the  enzym atic action by o ther m icroorganism s (Lloyd & 
Lockwood 1966). The capacity to produce cell wall-degrading enzyme is common 
among soil bacteria and saprophytic fungi (Papavizas 1985).
Soil m icroorganism s compete w ith each o ther for infection sites and 
nutrienti.C om petition for the infection site is influenced by the law of priority. A 
m icroorganism  already in a su b stra te  may re ta in  possession against vigorous 
com petitors by various m eans including  converting n u tr ie n ts  in to  a form 
unavailable to o ther com petitors, producing antib iotics, and p reven ting  the 
accumulation in  the infection site of excess n u trien ts  which would support other 
competitors. P lan t cross protection is a term  used to describe the ability  of a 
m icroorganism  to p ro tec t a p lan t from a pathogen w ithou t producing any 
inhibitory substance (Ricard 1977). A lthough the m echanism s for p lan t cross 
protection by fungi have not yet been fully understood, competition for infection 
sites is often involved (Fletcher 1978, Ogawa & Komada 1984). For example, it  has 
been suggested th a t niche exclusion is potentially  an im portan t m echanism  of
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an tagon ism  ag a in s t deleterious rh izo b ac te ria  by p la n t grow th-prom oting  
rhizobacteria (Suslow 1982, Suslow & Schroth 1982).
Competition on plant rooUfor nu trien ts  present in root and seed exudates 
occurred in  m ost in te rac tio n s  betw een b ac te ria  and  pa thogens and  was 
responsible for th e  observed biological control by some in troduced  bacteria
(Suslow 1982, Elad & Baker 1985<iElad & Chet 1987). Large populations of bacteria
irWi f a  keI98S 6 .
established on p lan t m aterial and roots become a partia l sink for nu trien ts  in the
rhizosphere, thus reducing the am ount of carbon and n itrogen  available to
stim ula te  spores of fungal pathogens or for subsequent colonization of the root
(Elad & Baker 198fyElad & Chet 1987).
a ^ker  (<9866
Ferric ions (Fe^+) play a central role in the energy metabolism  of aerobic
and sem i-anaerobic microorganisms (Schippers 1988). It is essential for fungal
spore germ ination (Kloepper et al. 1980*.Smiley 1980, SgnnrierhcvgTf
'^(copper e-f- * / .  I f  geh /c/cepper-ef a/
Sneh et al. 1984). Its availability in soil for microorganisms and plants decreases
dram atically as pH increases above 6 (Schippers 1988). W hen the availability of
F e^  + in  soil is lim ited, com petition for i t  betw een soil m icroorganism s is
inevitable and therefore may resu lt in  effective disease control (Kloepper et al.
198ChNeilands 1981, Teintze et al. 1981, Ahl et al. 1986, Baker et al. 1986, Bakker 
'^foesper eh  oJ. (980b, KfoQpper 
et al. 1986, Leong 1986, Schippers 1988).
1 .3 .2 . The biological control of d iseases caused by P hytoph thora  spp. and 
Pythium  spp., and Ps. cepacia as a biological control agen t—A lite ra tu re  review.
Many possible approaches to biological control of p lan t diseases caused by 
Phytophthora spp. and Pythium  spp. have been reported in the past.
Soils suppressive to Phytophthora cinnamomi in Q ueensland were shown 
to be effective in  controlling avocado root rot. The addition of Ph. cinnamomi 
inoculum  in am ounts sufficient to cause severe root rot of p lan ts in o ther soils 
produced little  or no dam age in  the suppressive soil. The suppressive soil was
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found to have a h igher population of bacteria  and actinom ycetes th a n  soils 
conducive to root rot. These suppressive soils became conducive when steam ed at 
100°C for 30 min, bu t rem ained suppressive after steam  trea tm en t a t 60°C for 30 
min (Broadbent et al. 1971, Pegg & Alcorn 1972, Pegg 1973, 1977, Broadbent & 
Baker 1974, Broadbent et al. 1977, Baker 1987).
D isease-suppressive soils are a ttractive resources for obtaining potential 
m icroorganism s to control p lan t diseases. For exam ple, H arm an  et al. (1980) 
obtained  biological control ag a in st P y th iu m  th rough  seed tre a tm e n t w ith 
T rich o d erm a  h a m a tu m  iso la ted  from soil observed to be suppressive to 
Rhizoctonia solani. Tomato seed inoculation w ith Arthrohacter  spp. protected 
i-he young seedlings against dam ping-off caused by P yth ium  debaryanum  in  
aseptic culture and in non-sterile soil (Mitchell & H urw itz 1965).
Soil am endm ent is ano ther effective approach to the  control of P h.  
c i n n a m o m i  and Py. u l t im u m  d iseases (H oitink  1986). Ph. c in n a m o m i  
propagules th a t norm ally cause severe root rot of lupin seedlings produced little 
dam age to sim ilar seedlings growing in hardwood bark-sand compost (Hoitink 
et al. 1977). A significant inh ib ition  of sporangial production and lysis of 
zoospore and cysts occurred in the bark  compost. Such suppressive effect of the 
bark  compost was due to chemical and biological ra th e r th an  physical factors 
(Hoitink et al. 1977). Satisfactory control of Phytophthora  root ro t of avocado was 
also achieved by u sing  a cotton w aste am endm ent w hich increased  the 
population of m icroorganism s in the Phytophthora  in fested  soil (G ilpatrick  
1969). A lfalfa m eal mixed w ith soil a t ra te s  of 1-5% gave good control of 
Phytophthora  root rot of avocado seedlings as well as root rot and stem  canker of 
Persea indica (Zentm yer 1963). The great increase in microbial population after 
addition of alfalfa meal was a factor in the biological control of Phytophthora  root 
rot. A high degree of control of straw berry  red stele caused by P hytoph thora
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fragariae was achieved by a composted Douglas fir saw dust (Vaughn et al. 1954). 
Com post am endm ent also im proved suppression  of dam ping-off caused by 
R hizoctonia  solani and Py. u ltim u m  because a com bination of fungal and 
bacterial antagonists were introduced in  peat m edia (K uter & Hoitink 1985). The 
effect of composted sewage sludge on a wide range of diseases was exam ined in 
g lasshouse tria ls  (Lum sden et al. 1983). Incorporation into soil of composted 
m unicipal sludge controlled P h y to p h th o ra  crown rot of pepper. P y th iu m  
dam ping-off of pea was not suppressed in itia lly , b u t the tre a ted  soil became 
suppressive w ith time.
D iseases caused by P h yto ph thora  spp. and  P y th iu m  spp. m ay be 
controlled by artificially  introducing in to  the pathosystem  fungi and  bacteria  
antagonistic to the pathogens. B acterial an tagonists have been reported  from 
m any genera. For example, biological control of apple and cherry crown and root 
ro t caused by Ph. cactorum  were obtained by applying a siderophore-producing 
Pseudom onas  sp. (Janisiewicz and Covey 1981) and Bacillus sub tilis  (U tkhede 
/ cfö4<*./ 1984^1985, 1986, 1987, G upta & Utkhede 1986). Several Streptomyces spp. reduced 
root ro t of soybean caused by Ph. m egasporum  when added to soil a t the same 
time or 7 days prior to addition of the pathogen (Rothrock & Gottlieb 1981). W heat 
(Weller & Cook 1981, 1983, 1986, Weller 1988), cotton (Howell & Stipanovic 1979, 
1980, 1983), and sugar beet (Osburn et al. 1989) were protected against P ythium  
spp. by Pseudomonas spp.
Fungal biological control agents such as species of T rich o d erm a  and 
Gliocladium  have been reported to produce antibiotics which were toxic to a wide 
range of fungal p lan t pathogens (Papavizas 1985). H artley made the first a ttem pt 
in  1921 a t direct application of biological control again st dam ping-off of pine 
seedlings caused by Py. u ltim u m , by inoculating soil w ith a range of fungal 
an tagonists  (Baker 1987). In  1932, while studying  the dam ping-off of citrus
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seedlings, W eindling found a s tra in  of Trichoderma lignorum  th a t parasitized  
Ph. parasitica  and species of P yth iu m . L a te r (1941), he illu s tra te d  hyphae 
in ternally  invaded by Trichoderma. The studies were, however, conducted only 
in vitro. Microscopic observations of soil m icroorganism s in soil indicated  th a t 
parasitic  microorganisms aided the decline of population of Py. ultimum  in soil 
(Hancock 1981). Gliocladium virens effectively controlled damping-off of zinnia, 
cotton, and cabbage caused by Py. ultimum  or Rhizoctonia solani in a nonsterile 
commercial soilless mix (Lumsden & Locke 1989). W hen G. virens was grown on 
a b ran  ex tract or a m inim al m edium  supplem ented w ith  dead Py. ultim um  
hyphae, aqueous extracts from the cultures contained gliotoxin, lam inarinase, 
am ylase , carboxym ethy lce llu lase , ch itin a se  and  p ro tease  and  in h ib ited  
sporang ial germ ination  and  m ycelial grow th of Py. ultim um  (R oberts & 
Lum sden 1990). Sneh et al. (1977) stud ied  the invasion of oospores of Ph. 
megasperma var. sojae,Ph. cactorum and Pythium  sp. in soil. They discovered 
th a t an array  of m icroorganism s, including oomycetes, chytridiom ycetes and 
hyphom ycetes fungi, and  actinom ycetes and  b a c te ria , w ere capable  of 
parasitically  invading and destroying the oospores (Sneh et al. 1977). Several 
isolates of Ph. cinnamomi were sim ilarly sensitive to inhibition caused by the 
ectotrophic mycorrhizal fungus Leucopaxillus cerealis var. piceina  (Marx 1969, 
1969). C ulture filtrates of this fungus reduced the growth of Ph. cinnamomi and 
completely inhibited  zoospore germ ination. Ectom ycorrhzae formed by several 
fungi on roots of Pinus radiata  reduced or completely prevented infection by 
mycelium and zoospores of Ph. cinnamomi (Marx 196% 1969b).Mortierella spp. 
iso lated  from azalea and  boxwood roots were inhibitory  in  in vitro studies to 
growth of Ph. cinnamomi pathogenic to azalea and P. parasitica  pathogenic to 
boxwood. They also protected azalea cu ttings from Ph. cinnamomi in fection  
(Willis & Lambe 1980). A b ran /peat preparation  of a Penicillium funiculosum
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iso la te  which showed an tagonism  to severa l P h y to p h th o ra  spp. in vitro 
suppressed  azalea  root ro t caused by Ph. cinnam om i or P. parasitica  in 
glasshouse tests  (Fang & Tsao 1989). A s tra in  of Myrothecium roridum  was 
isolated from the rhizosphere soil of avocado roots grown in a soil suppressive to 
Ph. cinnam om i (Gees & Coffey 1988, 1989). A pplication of a w heat b ran  
preparation of the fungus a t a ra te  of 2.5% (W/V) in glasshouse and in  field tests 
effectively controlled the seedling disease of Persea indica  caused by Ph. 
cinnam om i. In a glasshouse, the biocontrol was com parable to the  control 
achieved by application of potassium  phosphonate a t 2.5 mg/pot (Gees & Coffey 
1988,1989).
In recent years, studies of Ps. cepacia as a biological control agent of p lant 
diseases have been increasing. Ps. cepacia significantly increased p lan t fresh 
weight of C hina a s te r in  the presence of F usarium  in  field te s t (C avileer & 
P eterson  1985). Protection of onion seedlings from dam ping-off caused  by 
Fusarium oxysporum f. sp. cepae was obtained by seed and soil infestation with 
Ps. cepacia (Kawamoto & Korbeer 1976). A study on the d istribu tion  of Ps. 
cepacia in N orth Carolina, USA, showed th a t all soil and root sam ples studied 
contained Ps. cepacia. Several stra ins were antagonistic to one or more tobacco 
pathogens (S purr & S asser 1982). Ps. cepacia was an tagonistic  to P y th iu m  
a p h an iderm a tum  and protected cucum ber seedlings from infections by the 
fungus in  n a tu ra l soil (Lum sden et al. 1982). Several Ps. cepacia s tra in s  were 
able to colonize maize roots grown in non-sterile soil even a t very low inoculum 
levels (H ebbar 1986). Ps. cepacia also reduced m aize seedling infection by 
Fusarium  moniliforme by as much as 50% to 80% (H ebbar 1986). Ps. cepacia 
s t r a in  526 w as found  to  p roduce  th re e  a n tib io tic s , p y rro ln i tr in , 
am inopyrrolnitrin and xylocandin (Hebbar 1986, Dr P .J. D art & Mr R. Rickards, 
personal communications). P arker et al. (1984) found th a t s tra ins of Ps. cepacia
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produced two acetylenic antibiotics, cepacins A and B, in  ferm entation broth. A 
soil iso late  of Ps. cepacia also showed strong  an tib io tic  activ ity  ag ain st 
Macrophomina phaseolina, Rhizoctonia solani, Fusarium oxysporum, Pythium  
irreguläre and Laetisaria arvalis in culture tests (Conway et al. 1989).
1.3.3. Biological control by Ps. cepacia of diseases caused by Ph. cinnamomi and 
Py. u ltim u m  and  asso c ia tions w ith  soil e n v iro n m en ta l conditions--- 
Justifications.
Although diseases caused by Ph. cinnamomi and Py. ultim um  have been 
major targets for biological control studies and Ps. cepacia has been found to be a 
potential biological control bacterium , there  are no reports regarding biological 
control by Ps. cepacia of diseases caused by e ith e r Ph. cinnam om i or Py. 
ultim um . In experim ents of th is thesis, I studied the in teractions between Ps. 
cepacia  s tra in  526 and the fungi and the biological control effects of the 
bacterium  on^thc tu rn ip  damping-off of tu rn ip  caused by the fungi.
In a soil pathosystem  involving p lan t, p lan t pathogen and o ther soil 
m icroorganism s, various complex in teractions occur betw een p lan t and  p lan t 
pathogen, between p lan t and soil m icroorganism s, and betw een p lant pathogen 
and  soil m icroorganism s. These in teractions are again affected by the complex 
soil environm ental conditions. M any soil environm ental factors are involved in 
determ ining the p lan t disease incidences. These soil environm ental factors have 
m ultifaceted  effects, on the host, m aking it more or less susceptible; on the 
pathogen, m aking i t  more or less virulent; and on the soil microflora, which in 
tu rn  affect the host p lan t and the pathogen. Through th e ir combined effects they 
d e te rm in e  th e  d isea se  inc idence . In te ra c tio n s  b e tw een  sev e ra l soil 
env ironm en ta l factors are com m onplace. The successful app lication  of a 
microorganism  as a disease biological control agen t will largely depend on our 
u n d e rs tan d in g  of such  complex in te ra c tio n s  th ro u g h  ecological stud ies.
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A lthough studies of biological control of p lan t disease have a history  of more 
th a n  70 years, only a few m icroorganism s have been com m ercialized and 
successfully used (Rishbeth 1963, 1975, Kerr 1972, 1980, 1982, Deacon 1988). This 
is largely due to the lack of ecological studies (Deacon 1988).
Soil tem perature  (Gregory et al. 1952, Dunleavy 1955), m oisture (Griffin 
1963*1963^1966*196611969,1972,1977,1978,19814^1985, Wong & Griffin 1974,1976#,
fiS/ö .
1976l>Luard & Griffin 1981, Howie et al. 1987) and nu trien ts are im portant factors 
in  affecting the growth, m ovem ent, reproduction, and  an tagonistic  effects of 
in troduced  microorganisms and in determ ining th e ir disease biological control 
effects. For example, biological control effect by Ps. cepacia was affected by soil 
te m p e ra tu re , m oisture and n u trien ts . Ps. cepacia an tag o n istic  in vitro to 
Pythium  aphaniderm atum  protected cucum ber seedlings from infection by the 
fungus in  n a tu ra l soil. The addition of a n u tr ie n t solution increased  the 
population of Ps. cepacia in a sandy loam soil. Ps. cepacia survival in soil was 
b e tte r a t 20°C th an  a t 30°C, and a t 0.3 bar (-30 kPa) th an  a t 5 bars (-500 kPa) 
(L um sden  et al. 1982). A Ps. fluorescens iso la te  produced an an tifu n g a l 
compound inhibitory to Py. ultimum  (Jam es & G utterson 1986, G utterson et al. 
1986, G utterson et al. 1988). Synthesis of the compound was regulated by glucose 
(Jam es & G utterson 1986) and depended on expression of a t leas t five genes 
(G u tte rso n  et al. 1986, G utterson  et al. 1988). The biological control of Py. 
ultim um - induced damping-off of cucumber and of o ther crops by Pseudomonas 
sp. has been a ttribu ted  to competition for carbon and nitrogen (Elad & Chet 1987).
Soil tem perature and m oisture (refer to 1.2.1) and nu trien ts (refer to 1.2.2) 
have critical effects on Ph. cinnamomi and Py. ultim um  and on the  diseases 
they  cause. They m ay affect the Ps. cepacia and its  an tagonistic  effects. In 
experim ents reported in  this thesis, these environm ental variables were studied 
in relation to the interactions between the fungi and the bacterium  (Chapters 4, 5
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& 6), and  w ith the biological control by Ps. cepacia of diseases caused by Ph. 
cinnam om i and Py. ultimum  (C hapter 3).
Both Ph. cinnamomi and Py. ultim um  produce several morphologically 
and functionally different stages in the ir life cycle (refer to 1.2). Ps. cepacia may 
play im p o rtan t roles in the  grow th, production and  conversion of spores, 
sap ro p h y tism  and  su rv ival of Ph. c innam om i and Py. u ltim u m  and, 
consequently in  the  diseases they cause. The biological control by Ps. cepacia 
m ay have resu lted  from its antagonism  either to a specific stage or to the whole 
life cycle of the pathogens. It is thus im portan t to understand  the roles of Ps. 
cepacia in  relation to the life cycle of the pathogens and relate them  to disease 
control. It is also im portan t to understand  the associations of such roles of Ps. 
cepacia w ith the soil environm ental conditions so th a t a successful stra tegy  for 
its application can be developed.
In th is thesis, I report the effects of Ps. cepacia 526 on Ph. cinnamomi 
m ycelial grow th, sporangial production and zoospore re lease, and  on Py. 
u ltim um  mycelial growth in cu lture (C hapters 4. 5, 6) and in soil (C hapter 6). 
The association of n u trien t with the effects of Ps. cepacia 526 were also studied 
(C hapters 4 & 5). The association of such effects w ith soil m atric potential are 
specially reported  in  chapter 6. Considering all the resu lts, I then  discuss the 
m echanism s by which Ps. cepacia affect Ph. cinnam om i and Py. u ltim um  
grow th and  reproduction and the diseases.
In  selecting biological control agents of soil-borne p lant pathogens, the in 
vitro culture test is generally trea ted  as an im portant step as it  is a simple, quick 
and easy m ethod of screening microorganisms. However, the resu lts  of the tests 
are  no t alw ays in  accord w ith  perform ance of biological control agen ts in 
practice (U tkhede 1986). This is to a large ex tent due to the g rea t differences 
betw een the complex changing soil condition and  the relatively  uniform  and
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stable  cu lture condition, especially the n u trien t condition. Even cu ltu re  tests 
using  different m edia or different m ethods m ay give different resu lts , as the 
quality  and the quan tity  of the n u trien ts  in various m edia are different. I t is 
therefore im portan t th a t caution be taken  in perform ing the culture te st and in 
in te rp re tin g  the resu lts. The resu lts  would be more conclusive if  in vitro tests 
were perform ed under various conditions, such as different m edia differing in 
th e ir  n u trien t components, and in  different ways, such as w ith agar and liquid 
media. The in vitro experim ents reported in  th is thesis (C hapters 4 & 5) were 
based on these principles.
Soil m icroorgan ism s m ay produce d iffe ren t an tib io tics  w hich are 
specifically active against various pathogens. For example, a Gliocladium virens 
iso la te  produced g liovirin  active ag a in s t Py. u ltim um  b u t no t ag a in s t 
Rhizoctonia solani. The isolate protected cotton seedlings against damping-off 
caused by Py. ultim um  bu t not th a t by R. solani (Howell 1982^Stipanovic &
Sitpcxnovic f 98^
Howell 1982^4r908>). Purified  antibiotics were isolated from a Ps. fluorescens 
culture and identified as pyrrolnitrin  (Howell & Stipanovic 1979) and pyoluteorin 
(Howell & Stipanovic 1980). Pyrrolnitrin  was found to be strongly inhibitory to R. 
solani, b u t not to Py. ultim um ; whereas pyoluteorin was found to be inhibitory to 
Py. u ltim um , bu t not to Rhizoctonia solani. Pyrro ln itrin  is not readily diffusible 
and is released only upon bacterial cell lysis, bu t is persisten t in  the soil (Howell 
& Stipanovic 1979). Pyoluteorin was absorbed and inactivated by the soil colloids 
when added directly to soil. These antibiotics provided the sam e protection to 
cotton against damping-off caused by Py. ultimum  (Howell & Stipanovic 1980) or 
Rhizoctonia solani (Howell & Stipanovic 1979) as did the bacterium . Pyrrolnitrin  
was firs t iso lated  from a P seudom onas  sp. in J a p a n  and was found to be 
inhibitory to fungi, yeasts and Gram-positive bacteria (Arima et al. 1965). It was 
la te r iso lated  from Ps. aureofaciens (Gordee & M atthew s 1967), and from Ps.
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cepacia  colonizing the bean rhizosphere and appeared  to be involved in  the 
biological control of Py. aphanidermatum  (Lum sden et al. 1979). Ps. cepacia 526 
w as also found to produce p y rro ln itrin , am inopyrro ln itrin  and  xylocandin 
(H ebbar 1986, Dr. P .J. D art & Mr. R. Rickards, personal communications).
In  th is research, I studied and discussed possible variation  of Ps. cepacia 
526 in  its  antagonistic effects against Ph. cinnamomi and Py. ultim um . The 
effects of pyrrolnitrin  on Ph. cinnamomi and Py. ultim um  were examined.
The in teraction between a p lan t pathogen and a biological control agent 
can be m utual. W hile the biological control agen t has an tagon istic  effects 
against the  p lan t pathogen, the p lan t pathogen may also impose a countereffect 
on the  biological control agent. In the studies of such complex in teractions, 
however, the antagonistic effects of the biological control agent on the p lan t 
pathogen are usually  the focus, bu t the effects of the p lan t pathogen on the 
biological control agen t are usually  neglected. To achieve successful disease 
biological control, these may be aspects th a t require equal attention.
In th is thesis, I specifically report the effects of Ph. cinnamomi and Py. 
ultim um  on Ps. cepacia 526 and the associations of these effects w ith nu trien ts  
(C hapters 4 & 5). The importance of such effects in  the disease biological controls 
by Ps. cepacia 526 are discussed.
1.4. Rhizosphere effects of plant and the plant growth-promoting effects caused 
by Pseudomonas cepacia.
Soil m icroorganism s are greatly influenced by plants. It has long been 
noted th a t the num ber and activity of m icroorganisms are g reater in soils closely 
adjacent to p lan t roots. The 'rhizosphere' refers to the region in the soil where 
the soil m icroorganisms are influenced by the p lan t roots (Rovira 1965feRovira & 
Davey 1974). The rhizosphere is m ediated to a large extent by the occurrence of
26
plan t root exudation. Sugars, nitrogen compounds, organic acids and vitam ins 
are m ajor groups of n u trien t compounds existing in the root exudates which are 
readily available for the utilization of soil microorganisms (Schroth & Cook 1964, 
Rovira 1965, Cameron 1966, Rovira et al. 1979, Schonwitz & Ziegler 1982). The soil 
m icroorganism s are directly affected by p lan t root exudation in  th e ir  growth, 
spore germ ination and reproduction and survival. The m icroorganism s are also 
indirectly affected by competition and antibiosis by other microorganisms whose 
activities are affected by plant root exudates.
While p lan ts affect soil m icroorganism s, soil m icroorganism s also affect 
plants. Some bacteria  may promote p lan t growth and are particu larly  referred 
as p lan t growth-promoting rhizobacteria (PGPR) (Burr et al. 1978, Kloepper et al.
PGPR may directly promote p lan t growth by production of p lan t growth 
hormones which are im portan t in  m any p lan t grow th processes. For example, 
inoculation of p lan ts w ith various bacteria  resu lted  in  increased p lan t growth 
which could be mimicked by addition of p lan t growth hormones (Brown 1972, 
1974). PGPR may directly promote p lan t growth also by improving p lant nu trien t 
uptake. Some bacteria  such as Bacillus megaterium  and Ps. fluorescens were 
able to decompose organic phosphates into inorganic phosphates and m ake them 
usable by the plants (Brown 1974).
PGPR may indirectly change the rhizosphere microbial population (Burr 
et al. 1978, Smiley 1980, Neilands 1981, Teintze et al. 1981, V^ H^ derhp ! kTV 
B akker et al. 1986^/Leong 1986, Schippers 1988). There are m icroorganism s in 
soils which are detrim ental to p lants but do not cause obvious disease symptoms. 
These were once called 'minor pathogens'. PGPR may suppress the population 
of such 'm inor pathogens' and thus increase p lan t growth (B akker et al. 1986a, 
Kloepper et al. 1987, Schippers 1988). PGPR may also suppress the population of
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p lan t pathogens leading to disease control (Kloepper et al. lO S O ^cher & Baker 
1982, W eller 1983, 1984, Becker & Cook 1984, Colyer & M ount 1984, Sneh et al. 
1984, Elad & Baker 1985, Geels et al. 1986, Yuen & Schroth 1986b).
As a biological control agent, the ability  of a m icroorganism  to colonize 
and estab lish  a high population in  the rhizosphere soil and on p lan t roots is 
im p o rtan t for its  effectiveness. C olonization is determ ined  by the complex 
in te rac tio n s  betw een the  biological agen t and  the general soil m icrobiota. 
M icroorganisms which can efficiently compete and utilize the substra tes exuded 
by the p lan t root usually develop a larger population in  the rhizosphere soil and 
on the p lan t root th an  others (Rovira 1965, Bowen & Rovira 1976). The ability to 
prom ote p lan t grow th is also an advan tage  in  a biological control agent. 
Inform ation concerning such abilities of a biological control agent are im portan t 
for the strategic development of the successful application m easures.
There are a few reports of Ps. cepacia as a biological control agent (refer to 
1.3.3), bu t inform ation on its ability to colonize the rhizosphere soil and  p lant 
roots are rare. H ebbar (1986) found Ps. cepacia s tra ins to be good colonizers of 
maize roots, even when the m aize seeds were coated in  suspensions w ith an 
initial inoculum population as low as 10^ cfu/ml.
Inform ation on the ability of Ps. cepacia to promote p lan t growth is also 
inadequate. The growth-prom oting effects of Ps. cepacia may be affected by the 
soil environm ent conditions bu t no evidence is available. Cavileer & Peterson 
(1985) found th a t Ps. cepacia significantly increased p lan t fresh w eight of China 
aster in the presence of Fusarium  in field test.
In chap ter 3 of th is  thesis, I report the grow th-prom oting effect of Ps. 
cepacia 526 on tu rn ip  seedlings and its association w ith soil tem pera tu re  and 
m atric potential. The competitiveness and colonization ability of Ps. cepacia 526
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in  the rhizosphere soil and on p lan t roots and its  growth promoting effects were 
fu rther studied (C hapter 7).
1.5. Conclusion and thesis outline.
The successful u tilization  of a m icroorganism  for p lan t disease control 
requires a system atic study to obtain understanding  of the complex interactions 
betw een p lan t and  p lan t pathogen, betw een p lan t and the potential biological 
control agent and between p lan t pathogen and the potential biological control 
agent. U nderstand ing  of the associations betw een these complex in teractions 
and the soil environm ental conditions are critical.
The overall aim of the studies described in  this thesis was to explore the 
possibility of using Ps. cepacia for the control of p lan t diseases caused by Ph. 
c in n a m o m i  and Py. u ltim u m . To fulfil the  aim , I firs t exam ined the 
antagonism s of Ps. cepacia s tra in s  against Ph. cinnamomi and Py. ultim um , 
and the pathogenicity of the fungi, through a series of prelim inary experim ents 
reported in  chap ter 2, in  which an experim ental system  was established. The 
pathogenicities of Ph. cinnamomi and Py. ultim um  on tu rn ip , and the p lan t 
grow th-prom oting and the disease biological control effects of a s tra in  of Ps. 
cepacia a t various soil m atric potentials and tem peratu res were then  studied 
(C hapter 3). In chapters 4, 5 and 6, the interactions between Ps. cepacia and the 
fungi Ph. cinnam om i and Py. u ltim um , and th e ir  association w ith culture 
n u trien t level and soil m atric potentials were reported. The colonizing ability of 
Ps. cepacia in  rhizosphere soil and on p lan t roots and its grow th prom oting 
effects were the subjects of chapter 7.
CHAPTER 2. GENERAL MATERIALS AND METHODS
The general m ateria ls  and  m ethods used th ro ughou t the  study  are 
described in  th is chapter. However, m ateria ls  and m ethods re la ted  to specific 
experim ents are described in the la te r relevant chapters.
2.1. Culture media.
All agar m edia were poured into 9 cm sterile  plastic pe tri plates in a 
lam inar flow cabinet. Petri plates were stored at 4°C in plastic bags.
Media for Phytophthora spp. and Pythium  spp.
2.1.1. Potato dextrose agar (PDA).
D ehydrated PDA (Difco) 30 g; distilled w ater 1000 ml; autoclave a t 121°C 
for 30 min.
2.1.2. Corn meal agar.
Corn meal agar (Difco) 17 g; distilled w ater 1000 ml; autoclave a t 121°C for 
30 min.
2.1.3. V-8 agar.
C leared V-8 juice 100 ml; B-sitosterol 0.02 g; CaCOg 0.1 g; Bacto agar
(Difco) 17 g; distilled w ater 900 ml; pH was adjusted to 6.0-6.5 w ith IN  NaOH; 
autoclave a t 121°C for 30 min.
Cleared V-8 juice was obtained by centrifuging canned V-8 vegetable juice 
a t 5000 rpm for 20 min, supernatan t filtered through W hatm an GF/A. C leared V- 
8 juice was autoclaved and stored in a freezer.
2.1.4. Oatm eal agar.
D ehydrated oatm eal agar (Difco) 72.5 g; distilled w ater 1000 ml; autoclave
at 121°C for 15 min.
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2.1.5. Czapek Dox agar.
Dehydrated Czapek Dox agar (BBL) 50 g; distilled water 1000 ml; mix until 
a uniform suspension is obtained; heat with frequent agitation; autoclave at 
121°C for 15 min.
2.1.6. Water agar.
Agar 20 g; distilled water 1000 ml; autoclave at 121°C for 30 min.
2.1.7. Selective medium (P^qVP; Tsao 1969, Tsao 1970).
Corn meal agar (Difco) 17 g; distilled water 1000 ml; autoclave at 121°C for 
30 min. When the medium has cooled down to 40-45°C, add pimaricin (10 ppm), 
vancomycin (200 ppm) and pentachloronitrobenzene (PCNB, 100 ppm) and shake 
to dissolve before pouring into petri plates; final pH 6.0.
Media for Pseudomonas cepacia.
2.1.8. Nutrient agar.
Nutrient broth (Difco) 8 g; Bacto agar (Difco) 15 g; distilled water 1000 ml; 
pH 6.8-7.0; autoclave at 121°C for 30 min.
2.1.9. Nutrient broth.
Nutrient broth (Difco) 8 g; distilled water 1000 ml; dispense into conical 
flasks; autoclave at 121°C for 30 min; store at room temperature .
2.1.10. Selective media.
2.1.10.1. Rifampicin nutrient agar.
Nutrient broth (Difco) 8 g; Bacto agar (Difco) 15 g; distilled water 1000 ml; 
pH 6.8-7.0; autoclave at 121°C for 30 min; when the medium has cooled down to 
40-45°C, add 100 mg rifampicin and 150 mg cyclohexamide and shake to dissolve 
before pouring into petri plates. 'S #  sefecJt've 7»e</tUro
?secccfo/rtffna.<; oofacJi *s c&S’-sta/* -/ ßsrfa&iofi<rs a sf tevefe U.S€£f,
2.1.10.2. PCAT medium (Burbage and Sasser, 1982).
Azelaic acid 2.0 g; tryptamine 0.2 g; MgSC^ 0.1 g; K^HPO^ 4.0 g; KH2PO4
4.0 g; yeast extract (Difco) 0.02 g; Bacto agar 15.0 g; distilled water 1000 ml.
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Add azelaic acid and MgSO^ to w ater; h eat and s tir  until dissolved; add 
tryp tam ine , K2H PO 4, KH2PO4, yeast ex tract and agar; ad just pH to 5.7 and
autoclave a t 121°C for 10 min; add millipore filter sterilized 1:24 aqueous solution 
of chlorothalanil (Bravo) or 0.2 g/1000 ml of cyclohexamide.
2.2. Pseudomonas cepacia cultures.
2.2.1. Collection and storage of Ps. cepacia stra ins.
C ultures of Ps. cepacia s tra ins 56, 406, 526 (Table 2.1) were provided by 
Dr. P .J. D art, D epartm ent of Agriculture, U niversity of Q ueensland (formerly of 
Research School of Biological Sciences, ANU). These cultures were stored a t 4°C 
and subcultured every two m onths on n u trien t agar.
2.2.2. Production of Ps. cepacia suspension.
In each 250 ml conical flask, 150 ml n u trien t broth was inoculated with a 
s tra in  of Ps. cepacia by an inoculation loop from an agar culture. The flask was 
then  incubated in a shaking w ater ba th  of 30°C overnight (16 h) to produce 
bacteria l suspension which contained approxim ately 10^ colony forming units 
per m illiliter (cfu/ml).
2.3. Cultures of Pythium spp. and Phytophthora spp.
2.3.1. Collection and storage of fungal cultures.
S evera l fungal cu ltu re s  w ere o b ta ined , in c lu d in g  P h y t o p h t h o r a  
cinnamomi A210 from the culture collection of the Division of Forestry and Forest 
Products, CSIRO; Ph. cinnamomi 397, and Ph. drechsleri P ^ i from the Research
School of Biological Science, ANU; Pythium  ultim um  P416 from the culture 
collection of the D epartm ent of Forestry, ANU (Table 2.1). All these cultures were 
stored at 4°C and subcultured every 6 months on corn meal agar slopes.
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2.3.2. Isolation of Pythium  spp. and Phytophthora spp.
2.3.2.1. Isolation of Pythium  spp. and  Phytophthora spp. from soils using cress 
as bait.
Soils (loamy and  sandy) were collected from gardens and  also from 
seedling-beds where seedlings of Eucalyptus spp. had been growing each year, 
dispensed into large petri plates (20 cm diameter). Seeds of cress which were very 
susceptible to the damping-off caused by Pythium  spp and Phytophthora spp were 
sown into the petri p lates. The petri plates were then  w atered and covered in 
order to keep a high hum idity, and placed a t room tem perature. Four days later, 
the dead or dying plants were collected.
P lan ts  were w ashed carefully and dried w ith filter paper. They were 
surfaced sterilized  in 75% alcohol for 30 sec, then  rinsed five tim es w ith sterile 
distilled w ater. The p lants were cut into pieces and placed into petri p lates th a t 
contained 20 ml P io V P  selective medium. The petri p lates were incubated at 
26°C. Fungi th a t  grew out from the p lants were transferred  onto o ther P io V P  
petri plates and subcultured.
2.3.2.2. Isolation of Pythium  spp. and Phytophthora spp. from soils by dilution 
plate method.
Both loamy and sandy soils were d iluted w ith sterile d istilled w ater by 
BIO, 1:100, B1000, and B10000. The resulting soil suspensions were then  plated 
out on Pi(yVP selective medium. After the petri plates were incubated a t 26°C for
2 days, isolates were obtained from BIO and 1-100 diluted suspensions of loamy 
soil. No isolate was obtained from other suspensions.
2.3.2.3. Purification and identification of fungal isolates.
All the  fungal iso lates were purified by cu tting  and subcu ltu ring  th e ir 
hyphal tips onto P ioV P selective medium. Finally, two isolates were identified as 
Pythium  ultim um  and Pythium  debaryanum  by Professor D. M. Griffin and
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num bered as Pythium ultim um  861 and Pythium  debaryanum  862. They were 
stored at 4°C and subcultured every 6 m onths on corn m eal agar slopes.
2.4. Soil
2.4.1. Collection of soil.
Soil was collected from an over-m ature spotted gum (Eucalyptus maculata 
Hook) forest w ithin the Kioloa S tate  Forest, New South Wales. The surface grass 
and leaves were removed and soil from the top 30 cm was collected. This soil was 
sieved through 3 mm mesh and stored a t room tem peratu re  in plastic bins.
2.4.2. M echanical analysis of the soil.
This analysis was done according to Corbett (1969). Soil (100 g) was boiled 
in hydrogen peroxide to remove the organic m atter. It was then dried a t 105°C for 
48 h. D ried soil (60 g) was placed into an electric m ixing beaker. 50 ml of 5% 
calgon, brought to pH 8.5 w ith sodium carbonate, was added to the beaker. The 
beaker was two th irds filled with distilled w ater. The contents were agitated with 
a m ixer (H am ilton Beach) for 10 min. The contents of the beaker were then  
w ashed into a m easuring cylinder and the cylinder was filled to 1000 ml m ark 
w ith distilled water. A rubber stopper was placed over the end of the cylinder and 
the contents of the cylinder were shaken vigorously for 1 min and then allowed to 
settle. W hen the shaking ceased, the time was noted.
After 5 min, the w eight of soil colloid in suspension was m easured using a 
soil hydrom eter. The tem peratu re  of the suspension was also recorded.
After 2 h, the hydrom eter and tem p era tu re  readings of the suspension 
w ere repeated . The su p e rn a ta n t clay suspension  was poured off from the 
cylinder. The settled  sand and silt were washed into a 250 ml beaker. The beaker 
was filled to about 10 cm w ith water, stirred  and the sand was allowed to settle for 
5 min. The su p ern a tan t s ilt suspension was decanted. This was repeated until
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the su p ern a tan t liquid was clear. The washed sand was dried a t 105°C for 48 h 
and weighed.
It was found th a t the soil was a sandy loam containing 14.1% clay, 9.1% 
silt and 76.8% sand.
2.4.3. Control of soil m atric potential.
Throughout th is study, soil m atric potentials were controlled by using 7
cm diam eter B uchner funnels w ith sintered glass plates of fine porosity (porosity
4) as tension plates. The height of the w ater column betweenAhe porous plate and
•the W'tctc/fc r f  1/* sdU column or\
the surface of a w ater reservoir was adjusted to give the desired m atric potential 
(Fig. 2.1). Soil (50 g), e ither infested or non-infested w ith pathogen, was placed 
onto the tension plates. The soil was w etted and allowed to equilibrate for 24 h 
before p lan t seeds were sown.
This tensiom eter system is accurate in  controlling soil m atric potentials 
and is easy to establish. However, the range of soil m atric potentials obtained 
from 0 to -15 kPa in  this thesis is relatively narrow  compared w ith those existing 
in  the field or obtainable by use of other more complex control systems. It m ight 
be argued th a t  o ther control system  should have been adopted so as to more 
nearly  equate w ith  the full range of field w ater potentials. To have done so, 
however, would have fu rth e r com plicated already complex experim ents with 
m any in te rac tin g  variables. Moreover, i t  was an tic ipated  from the previous 
lite ra tu re  th a t the m atric potential differences within even the sm all range used 
m ight well have significant effects on Ps. cepacia, on the fungal sporangial 
production and  zoospore release and even on the fungal growth. F u rth er, the 
aim of these experim ents was to open up a hitherto  little investigated topic and to 
estab lish  the  types of in teractions which exist. A wide range of soil w ater 
potentials should be considered eventually, bu t w ithout the time constrain ts of a 
Ph.D project.
'ig. 2.1. D
iagram
 illustrating apparatus for controlling soil m
atric potent:
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2.4.4. Soil m oisture release curve.
Soil was sam pled from each B uchner funnel a t various m atric potentials 
and placed into an alum inium  cup. The cup and soil were weighed and then  
oven-dried a t 105°C for 48 h. The weight was recorded again. The loss in  weight 
represented the initial moisture content. The soil w ater content was calculated by 
dividing the  weight of w ater by the weight of oven-dried soil. The soil m oisture 
release curve (desorption boundary isotherm ) is shown by Fig. 2.2.
Fig. 2.2. Soil m oisture release curve.
^  100
- 12  -  8 
Soil Matric Potential (kPa)
2.5. Host plants.
Seeds of Pinus radiata and Eucalyptus sieberi were provided by the  seed
collection, Division of F orestry  and Forest P roducts, CSIRO. Seeds of cress,
alfalfa, rad ish  and tu rn ip  were bought from^sfe grocerwfTable 2.1).
'0L '  <,tor€
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Table 2.1. Details of sources of bacteria, fungi and plants
Origins S o u rces
Pseudomonas cepacia 56 Silt loam; Dr. Peter D art
Kempsey, Fredricktown, Dept, of Agriculture
NSW Univ. of Queensland
Pseudomonas cepacia 406 Silt loam -do-
Prescott, Madison, USA
Pseudomonas cepacia 526 -do- -do-
Phytophthora cinnamomi A2101 A2  type, Dr. Ken Old
Dryandra sessilis Division of Forestry and Forest Products
Ja rra h  forest, Byford, W.A. CSIRO
Phytophthora cinnam om i 397 unknown Research School of Biological Science,
ANU
Phytophthora drechsleri P ^ unknow n -do-
Pythium ultimum  P4 I 6 unknow n Dept. of Forestry, ANU
Pythium ultimum  861 Loamy soil, ACT -do-
Pythium  debaryanum  862 Loamy soil, ACT do-
Pinus radiata unknown CSIRO seedlot No 13441
Eucalyptus sieberi unknown CSIRO seedlot No 12127
Lepidium  sativum  (cress) A rthur Yates & Co. PTY. LTD retail grocery storfL
Medicago sativa  (alfalfa) -do- -do-
Raphanus sativus (radish) -do- -do-
Brassica rapa (turnip) -do- -do-
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2.6. Statistical analysis.
U nless otherwise stated, the G enstat program m e for analysis of variance 
(ANOVA, R otham sted Experim ental S tation) and D uncan's m ultiple-range test 
were used for da ta  analysis. Significance for trea tm en t effects were tested  a t 
probability levels of 5, and 1%.
2.7. Preliminary experiments—Development of an experimental system.
Prior to commencing the study of interaction between plant, Pseudomonas 
cep a c ia , P y th iu m  spp. and P h y to p h th o ra  spp., it  was essen tia l th a t  an 
experim ental system be established where the host plant, soil and the method of 
applying the  fungal pathogen were all su itable. A series of experim ents were 
thus conducted to develop an acceptable system. Only those experim ents of direct 
relevance to la ter work are reported here.
2.7.1. The antagonism s of various s tra in s  of Pseudomonas cepacia a g a in s t  
different fungal pathogens.
The antagonistic  effects of three Ps. cepacia s tra in s  (406, 56, 526) were 
tested  against fungal isolates Phytophthora cinnamomi A210, Ph. cinnamomi 
397, Ph. drechsleri P n ,  Pythium  ultim um  P416, Py- ultim um  861 and Py.
debaryanum  862. Potato dextrose agar plates were used for the test.
A 2 day old Ps. cepacia culture was transferred  by a loop onto a 9 cm petri 
plate w ith four spots placed evenly round the petri plate, each 5 mm from the 
edge. The petri plate contained 20 ml potato dextrose agar medium. At the same 
tim e, one fungal plug was transferred  from a 7 day old culture onto the center of 
the petri plate using a 5 mm diam eter cork borer and forceps. Control plates were 
inoculated w ith fungal plugs only. The petri plates were incubated a t 26°C for 1 
week. The distance from the edge of the Ps. cepacia 526 colony to the edge of the 
fungal colony was m easured as the size of the fungal growth inhibition zone.
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Fig. 2.3. Fungal growth inhibition caused by Ps. cepacia 56 on PDA agar plate.
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Fig. 2.4. Fungal growth inhibition caused by Ps. cepacia 406 on PDA agar plate.
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Fig. 2.5. Fungal growth inhibition caused by Ps. cepacia 526 on PDA agar plate.
Antagonism by Pseudomonas cepacia 526
Pythium debaryanum Pythium ultimum
_ hytoP'1“1- 3 namomi 397 Phytophthora c innam om iA ^  P11
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There w ere th ree  rep licate  p la tes for each Ps. cepacia s tra in  and fungus 
com bination.
The resu lts showed th a t the th ree s tra in s  of Pseudomonas cepacia had 
sim ila r p a tte rn s  of an tagonistic  effects ag ain st the  fungal iso lates. They all 
produced growth inhibition zones against Ph. cinnamomi A210, Ph. cinnamomi 
397, Ph. drechsleri P n ,  and Py. deharyanum  862. No s tra in  produced a growth
inhibition zone against the two Py. ultimum  isolates (Figures 2.3, 2.4 & 2.5).
2.7.2. Pathogenicity trials  for fungal isolates and comparison of several m edia for 
fungal inoculum  production.
2.7.2.1. Soil and plant.
Soil was sterilized a t 121°C, 30 min each day for two consecutive days, 
mixed and dispensed into pots. The soil was sa tu ra ted  with non-sterile tap  w ater 
2 days before p lant seeds were sown into the pots. Pinus radiata and Eucalyptus 
sieberi were used in  separate  experim ents, w ith 20 seeds of e ither being placed 
into each pot before soil-fungal inoculum m ixture were applied to mulch them.
2.7.2.2. P reparation  and application of fungal inocula.
Three m edia for inoculum production of Phytophthora spp. and Pythium  
spp. were reported  previously and were used in th is  experim ent, including 
verm icu lite  V-8 (C hilvers 1962), sand  cornm eal (B ertus 1968, C hang  & 
Kommedahl 1968, Lum sden et al. 1983), and oat seeds ( Dutky & Lum sden 1986, 
Lum sden et al. 1976, Lumsden et al. 1979, Lumsden et al. 1983, Papavizas et al. 
1981). To make verm iculite V-8 medium, 50 g w ashed clean verm iculite were 
mixed w ith 50 ml cleared V-8 juice in a 500 ml conical flask. To m ake sand 
cornm eal medium, w ashed and then  a ir dried sand was mixed w ith cornm eal 
and w ater a t a ratio  of 97 g : 3 g : 15 ml. The sand-cornm eal m ixture was then
placed into a 500 ml conical flasks. To make oat seed medium, 100 g ^ a t  seeds
ULribcorfed
were p u t into a 500 ml conical flask and 150 ml distilled w ater was added. All
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m edia were autoclaved at 121°C for 1 h. Each conical flask containing various 
m edia was th en  inoculated w ith 3 agar plugs cut from a 7 day old culture of 
various fungi grown on potato dextrose agar, using a 5 mm diam eter cork borer 
and forceps. The flasks were then  incubated a t 26°C for 1 m onth and hand- 
shaken daily. Inocula were prepared  for Ph. cinnamomi A210, Ph. cinnamomi 
397, Ph. drechsleri P n ,P y .  ultimum  P416> Py- ultimum  861 and P. debaryanum
862.
The verm iculite V-8 in which either Phytophthora sp. or Pythium  sp. had 
been grown were mixed with sterile soil a t 1:100 (w:w) on a soil dry weight basis, 
after being flooded with sterile distilled w ater, shaken and decanted six tim es to 
remove excess nu trien ts . Sand cornm eal inoculum and oat seed inoculum were 
also mixed uniform ly w ith sterile soil a t P I 00 (w:w) on a soil dry weight basis. 
These soil-inoculum m ixtures were used to mulch the top soil in pots after p lan t 
seeds were placed. Control experim ents were conducted by using verm iculite V- 
8, sand cornm eal or oat seeds w ithout any fungus and by using only soil w ithout 
verm iculite V-8, sand  cornmeal or oat seeds. Four replicates were made of each 
fung u s-m ed iu m  com bination . The pots w ere w a te red  tw ice a day a t 
approxim ately 9:00 am and 4:00 pm. The glasshouse tem pera tu re  varied daily 
between 18 and 36°C.
2.7.2.3. Results.
Investigations were made of the seedling emergence ra te  and the seedling 
m ortality  ra te  1 m onth  afte r seedling em ergence. The d a ta  were analyzed 
statistically (refer to 2.6).
The resu lts  showed th a t the pathogenicity of the fungi were very much 
dependent on the way the ir inocula were produced. Inoculum produced with oat 
seed m edium  consistently  caused more severe seedling dam ping-off th an  did 
inoculum  produced w ith  e ith e r verm icu lite  V-8 or sand  cornm eal. W hen
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Vermiculite V-8 was used, the color of the soil w ater d rain ing  from the pots 
became dark  brown, possibly due to the release of m aterials from the vermiculite 
which had also been found to be a disadvantage before (Chilvers 1962), and plant 
seedlings were sm aller and stunted . W hen sand cornm eal was used, the fungi 
failed to produce sufficient propagules in the flasks to cause disease. W ith all the 
fungal iso lates tested , Ph. cinnam om i A210, Ph. cinnam om i 397 and Py. 
ultim um  861 were proven to be pathogenic to the plants when the ir inocula were 
produced w ith oat seed. W ith th is inoculum, there  was less variable m ortality 
(10-20% above th a t which occurred in controls). Ph. cinnam om i A210 (from 
h ereafte r m entioned as Phytophthora cinnam om i or Ph. cinnam om i in  this 
thesis) and P yth ium  u ltim u m  861 (from h e reafte r m entioned as P y th iu m  
ultim um  or Py. u ltim um  in th is thesis) were used for fu rther experim ents. Ph. 
cinnam om i 397 was not used fu rth er because it was not d ifferent from Ph. 
c in n a m o m i  A210 in term s of its  pathogenicity. O at seed was chosen as the 
medium for the production of fungal inocula in la te r experim ents.
2.7.3. Choice of tu rn ip  as host plant.
Although both Pinus radiata  and Eucalyptus sieberi showed susceptibility 
to some of the fungi, i t  was found th a t they were too re s is tan t (only 10-20% 
m ortalities) and gave wide varia tion  in resu lts. Experim ents w ith them  also 
lasted  too long so th a t the actual effects of the pathogens may have been m asked 
by the changing soil conditions. The resu lts were hardly reproducible. They were 
found not to be a satisfactory host p lan t for the purpose of studying the biological 
control effects of Ps. cepacia. Experim ents were thus done w ith cress, alfalfa, 
radish  and turn ip  a ttem pting to find a more suitable host plant. O at seed inocula 
of Phytophthora cinnam om i and P ythium  u ltim um  were tested  on these p lants 
using the same m ethod as described in 2.7.2. Consequently, Ph. c innam om i 
caused m ortalities of 88% cress, 53% tu rn ip , 23% alfalfa  and  17% rad ish ,
w hereas Py. ultim um  caused m ortalities of 98% cress, 73% turn ip , 33% alfalfa 
and  35% rad ish , re la tive  to controls. T u rn ip  was therefo re  chosen as a 
susceptible host p lan t suitable for fu rther studies with both pathogens.
2.7.4. T reatm ent of soil.
I t was found th a t the soil was not suitable for the experim ental system. 
The surface soil dried rapidly  when the glasshouse tem p era tu re  was high, 
resu lting  in  highly variable soil conditions w ithin each pot in one day. Disease 
incidences were variable. The p lan t seed germ ination ra te  was low and p lan t 
seedlings grew poorly. A fu rther trea tm en t was therefore used (Batem an 1961, 
Brown & Kennedy 1966, B roadbent et al. 1977, Dunleavy 1955, M atheron & 
M ircetich 1985, M atheron & M ircetich 1985) by mixing the soil w ith milled peat 
moss (W arrior, Southland P eat Limited, Invercargill, New Zealand) a t 1:1 (V:V).
Fig. 2.6. M oisture release curve of the soil-peat mixture.
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Soil Matric Potential (k.Pa)
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This soil-peat m ixture proved to be a suitable medium. The addition of the peat 
increased the soil w ater holding ability and the soil gas exchange abilitv. P lan ts 
were not harm ed. This soil-peat m ixture has been used throughout th is study. 
From hereafter, unless otherwise mentioned, the 'soil' in  th is thesis refer to the 
soil-peat m ixture. The m oisture release curve of th is soil-peat m ixture is shown
in W  Fig- 2.6.
CHAPTER 3. THE PATHOGENICITIES OF PHYTOPHTHORA CINNAMOMI
AND PYTHIUM ULTIMUM AND THE EFFECTS OF PSEUDOMONAS CEPACIA 526 
AT VARIOUS SOIL TEMPERATURES AND SOLL MATRIC POTENTIALS
3.1. Introduction.
P hytoph thora  c innam om i and P yth iu m  u ltim u m  are im p o rtan t p lan t 
pathogens (refer to 1.1). A ttem pts to apply biological control to diseases caused by 
Ph. cinnam om i and Py. u ltim um  have been made, but no commercial product is 
available (refer to 1.3). Pseudomonas cepacia has been reported as a potential 
biological control bacterium  (refer to 1.3.2). No research , however, has been 
conducted on the  biological control by Ps. cepacia  of d iseases caused by 
Ph. cinnam om i (refer to 1.3.2). In the prelim inary experim ents in chapter 2, the 
antagonistic effects of Ps. cepacia 526 against Ph. cinnam om i and Py. u ltim um  
have been stud ied  in  culture. In th is chapter, experim ents were conducted to 
study the pathogenicities of the fungi and  the p lan t grow th-prom oting and 
disease biological control effects of Ps. cepacia 526 in  soil and th e ir associations 
w ith soil tem peratu re  and soil m atric potentials.
3.2. Materials and Methods.
3.2.1. Pseudom onas cepacia 526 n u trien t bro th  suspensions of approxim ately 
10^ cfu/ml were prepared as described in 2.2.2. One m onth old oat seed inocula of 
both P h y to p h th o ra  c in n a m o m i and P yth iu m  u ltim u m  w ere p rep ared  as 
described in  2.7.2.2. Turnip was used as host p lan t (refer to table 2.1 and 2.7.3). 
The non-sterile soil-peat m ixture was used as p lan t growth medium  (refer to 
2.7.4).
3.2.2. A series of experim ents were initially conducted in a glasshouse where the 
a ir tem p e ra tu res  ranged daily from 17.5°C to 36°C, the ligh t was norm al
48
7 / e  f U y c r to l  w s  •*****(.
sunlightySince resu lts which are reported in la te r sections showed th a t the high 
tem pera tu re  in the glasshouse had played m ajor roles in the soil tem peratu re  
changes w hich in  tu rn  affected the  disease incidences, a second series of 
experim ents w ere conducted a t lower tem peratu re  in  a constant tem peratu re  
room. In the  constant tem perature room, the daily a ir tem peratu re  ranged from 
24°C  to 26°C, the light was artificial fluorescent ligh t (40 w a t each m atric 
potential level, Fig. 3.1). p fe f fe r te t  ovas  ^
Soil m atric  potential was controlled by using 7 cm diam eter Buchner 
funnels w ith sin tered  glass plates of fine porosity (porosity 4) as tension plates. 
The Buchner funnels were connected to w ater reservoirs by plastic tubings. The 
height of the w ater column between the porous plate and the surface of a w ater 
reservoir was adjusted to give the desired m atric potential (Fig. 2.1, Fig. 3.1.).
O at seed inoculum  of e ither Ph. cinnamomi or Py. ultim um  grown in 
conical flasks was picked out and put into the soil a t selected ra tes 1 day before 
the soil was placed into the Buchner funnels. Since only a few kilogram s of soil 
was needed for one experim ent, the soil and the  oat seed inoculum  could be 
mixed uniform ly in a plastic bag by hand-rubbing the m ixture from outside the 
bag while the  oat seed aggregates were broken up. This soil infestation method 
was proven to be effective by other workers ( Dutky & Lumsden 1986, Lum sden et 
al. 1976, Lum sden et al. 1979, Lumsden et al. 1983, Papavizas et al. 1981) and also 
has given consistent results in my series of experim ents.
Soil (50 g), w ith or w ithout the pathogen, was then  placed in a B uchner 
funnel, w etted and allowed to equilibrate for 24 h. Turnip seeds (30) were sown 
into the B uchner funnel and covered w ith a th in  layer of soil. Ps. cepacia 526 
n u trien t b ro th  suspension (5 ml) was then sprayed into each Buchner funnel. 
More w ater was sprayed into each Buchner funnel to satu rate  the soil so th a t the 
bacterium  was drained into the soil uniformly during the quick process of w ater
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•equüikjrärn. N u trien t broth (5 ml) w ithout Ps. cepacia 526 was sprayed into each 
control B uchner funnel. In some experim en ts, the  B uchner funnels were 
covered w ith plastic food w rap to prevent heterogeneity  of w ater d istribution  
through evaporation. There were three replicates for each fungus-bacterium -soil 
m atric potential treatm ent.
D uring  the experim ents, w ater sam ples were tak en  from the  w ater 
reservoirs and tested  for the presence of e ither Ph. cinnamomi or Py. ultimum  or 
Ps. cepacia 526. The results was negative, indicating th a t none of them  can pass 
through the tension plates.
3.2.2.1. Experim ents in  the glasshouse.
Two experim en ts  w ere conducted in  a g lasshouse, one w ith  P h . 
cinnam om i and the other with Py. ultimum. Fungal inocula were added to the 
soil a t 0, 1.0 and 1.5%. Soil m atric potentials were controlled a t 0, -1.5, -3.0, -5.0, 
-10.0 and -15.0 kPa. Ps. cepacia 526 was applied as described above.
3.2.2.2. Experim ents in  the constant tem perature room.
In all experim ents conducted in  the  constan t tem p era tu re  room, soil 
m atric potentials were controlled a t 0, -1.5, -3.0, -5.0 and -10.0 kPa.
Experim ent 1: Inoculum of Ph. cinnamomi was added to the soil a t 0, 1.0 
and 1.5%. Ps. cepacia 526 was applied as described above in this chapter.
Experim ent 2 : This is a repheate of experim ent 1, except th a t the Buchner
m fco c t
funnels were covered w ith plastic food w rap to prevent heterogeneity of w ater 
d istribution through evaporation.
Experim ent 3 : Inoculum of Ph. cinnamomi was added to the soil a t  0, 0.2, 
0.4, 0.6, 0.8 and 1.0% without Ps. cepacia 526.
Experim ent 4 : Inoculum ofPy. ultimum  was added to the soil a t 0, 0.5 and 
1.0%. Ps. cepacia 526 was applied as described above in this chapter.
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Fig. 3.1. A pparatus to control soil m atric potentials
51
Experim ent 5 : Inoculum of Py. ultimum  was added to the soil a t 0, 0.1 and 
0.5%. Ps. cepacia 526 was also applied. The Buchner funnels were covered w ith 
p lastic  food w rap to p reven t heterogeneity  of w ater d is trib u tio n  th rough  
evaporation.
Experim ent 6: Inoculum of Py. ultimum  was added to the soil a t 0, 0.1, 0.2, 
0.3, 0.4 and 0.5%. Ps. cepacia 526 was not used.
3.2.3. M easurem ent of soil w ater content and soil tem perature.
M easurem ent of soil w ater content a t various m atric potentials was done
according to the  m ethod described in 2.4.4. Soil tem peratu res a t various soil
m a tric  p o te n tia ls  w ere m easu red  ^mreocu tively using  copper-co n stan tin
C&nt/'nUOUslLj
therm ocouple tem p era tu re  sensors connected to a ch art recorder (Leeds & 
N orth rup  speedomax).
3.2.4. Investigation of the damping-off of turnip.
The fungi infected tu rn ip  seeds and seedlings causing pre- and post­
em ergence damping-off. W hen the seed was infected, it failed to emerge. W hen 
the  seedling was infected, the basal stem  became dark  brown and sh rank  and 
the  seedling fell over. The infection happened mostly in the first two weeks. 
However, in  th is series of experim ents, to record the disease separately  as pre- 
and  post-em ergence damping-off would be m isleading, because the  num ber of 
post-em ergence deaths were very different due to the differences in  the in itial 
num bers of seedlings which had em erged ra th e r  th an  to differences in fungal 
pathogensis. Therefore, in  these experim ents, the num bers of p lan t seedlings 
surviving two weeks after p lant seeds were sown were investigated and used as 
ind icato rs of overall fungal pathogenicity. The num bers were converted into 
percentage of seedling survival relative to num ber of seeds sown. An angular 
transform ation  [ s in 'l(sq u a re  root of seedling survival rate)l was applied to the 
data. The data were analyzed by analysis of variance (refer to 2.6).
52
3.2.5. M easurem ent of p lant growth effects.
At the conclusion of the investigation  for the num bers of surviving 
seedlings, the seedlings together w ith soil were pushed out from each Buchner 
funnel by w ater pressure from the other side of the tension plate. The seedlings 
from the same Buchner funnel were rinsed and washed carefully in tap  w ater to 
remove the soil a ttached  to the roots, then  cut into two parts  (root and shoot), 
dried to a constan t w eight a t 75°C and the  pa rts  weighed. This was done 
separately for the three replicated funnels.
It was found th a t the p lan t root w eight was so sm all in con trast to the 
p lan t shoot weight th a t a major relative change in the p lan t root weight had little 
influence on the whole p lant weight. In o ther words, the p lan t shoot weight was 
nearly  equal to the whole p lan t weight. Therefore only the p lan t weight and the 
p lan t root weight were used as the m easurem ent of p lan t growth. A n a tu ra l 
logarithm -transform ation  ( ln(x) ) was applied to the  da ta . The da ta  were 
analyzed statistically (refer to 2.6).
3.2.6. Recovery of Ph. cinnam om i and Py. u ltim um  from diseased plants.
To confirm th a t diseases were caused by the fungi applied, the diseased 
seedlings were collected. These seedlings were washed carefully and dried w ith 
filter paper. The shoot was cut off. Surface sterilization of the p lan t root together 
w ith the basal part of the stem was effected by placing it in 75% alcohol for 1 min,
then  rinsing with sterile distilled w ater five times. The p lant root with the basal 
stem  was cut into pieces and placed onto petri plate th a t contained 20 ml P-^qVP
selective medium (refer to 2.1.7). The petri p lates were incubated a t 26°C and 
checked for the growth of the fungi.
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3.3. Results.
3.3.1. Soil tem perature and soil w ater content .
The glasshouse air and soil tem peratu res are depicted in Fig. 3.2 which 
reveals a complex situation. Over much of the d iurnal period, all the a ir and soil 
tem peratures were very close. However, the soils a t -5.0, -10.0 and -15.0 kPa had 
higher tem peratu res than  the surrounding air betw een 2:00 pm and 9:00 pm, 
whereas soils a t 0 and -1.5 kPa between 4:00 pm and 6:00 pm were cooler th an  the 
surrounding air. F u rther, the ra te  of tem peratu re  change over the period was 
g reater in the lower potential soils. The basis of these differences is discussed in 
3.4.2 below.
In the constant tem peratu re  room, there were v irtually  no difference in 
the daily soil tem peratures between the various m atric potentials. The daily soil 
tem peratures ranged from 23.5 to 25°C at 0 and -1.5 kPa, from 23.5 to 26°C a t -3.0, 
-5.0 and -10.0 kPa (Fig. 3.3).
The soil w ater contents were not affected by the a ir tem peratures. At the 
same m atric potential, the soil w ater content in the glasshouse and th a t in the 
constant tem perature room were the same (Fig. 3.4).
3.3.2. The effects of soil m atric potentials on the host plant
In most experim ents, soil m atric potential had consistent effects on the 
host plant. The seedling survival ra te  was significantly lower a t 0 kPa th an  at 
other potentials (Figures 3.5a, 3.6a, 3.7, 3.8a, 3.9a, 3.10, 3.11a & 3.12). Both plant 
weight (Figures 3.5b & 3.6b) and plant root weight (Figures 3.5c, 3.6c, 3.8c, 3.9b & 
3.11b) became larger as soil m atric potential decreased. The exceptional resu lts 
were obtained only from the experim ent in the constant tem peratu re  room using 
Ph. cinnamomi a t 6 inoculum  levels, in which the seedling surv ival was 
significantly lower a t -1.5 kPa as well as a t 0 kPa (Fig. 3.8a) and the p lan t weight 
was not affected by soil m atric potentials tested (Fig. 3.8b).
54
Fig. 3.2. Soil tem peratures in the glasshouse.
Glasshouse
-1.5kPa
-3.0kPa
S 30  "
-5.0kPa
& 25 -
-15.0kPa
Time ( o'clock )
Fig. 3.3. Soil tem peratures in the constant tem perature room.
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Fig. 3.4. Soil m oisture release curve
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Fig. 3.5a. Effect of Phytophthora cinnamomi and Pseudomonas cepacia 526 on turnip
seedling survival in the glasshouse.
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^  In all figures in this chapter, % only refer to Ph. cinnamomi, P. cepacia refer to Ps. 
cepacia 526 present at constant inoculum level in the particular experiment.
*****a n a l y s is  o f  v a r ia n c e *****
Variate: sin*l(square root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Potentials 5 40230.28 90.92 8040.06 297.78 3.29 (P=0.01)
Ph. cinnamomi 2 385.52 0.87 192.76 7.14 4.92 (P=0.01)
Ps. cepacia 1 63.22 0.14 63.22 2.34
Potential*P/i. cinnamomi 10 1019.10 2.30 101.91 3.78 2.59 (P=0.01)
Potential*Ps. cepacia 5 440.70 1.00 88.14 3.27 2.35 (P=0.05)
Ph. cinnamomi*Ps. cepacia 2 64.38 0.15 32.19 1.19
Potential
*
Ph. cinnamom i
*
Ps. cepacia 10 102.79 0.23 10.28 0.38
Residual 72 1943.94 4.39 27.00
Total 107 44249.93 100 413.55
SE=5.196, CV%=9.5
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Fig. 3.5b. Effect of Phytophthora cinnamomi and Pseudomonas cepacia 526 on plant
weight in the glasshouse. 
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: ln(plant weight)
Source of variation DF SS ss% MS VR F
Potentials 5 11.81249 79.40 2.36250 116.782 3.29 (P=0.01)
Ph. cinnamomi 2 0.73366 4.93 0.36683 18.133 4.92 (P=0.01)
Ps. cepacia 1 0.00000 0.00 0.00000 0.000
P o ten tia l*Ph. cinnamomi 10 0.42538 2.86 0.04254 2.103 1.97 (P=0.05)
Potential*Ps. cepacia 5 0.08574 0.58 0.01715 0.848
Ph. cinnamomi*Ps. cepacia 2 0.06689 0.45 0.03345 1.653
Potential
Ph. cinnamomi
*
Ps. cepacia 10 0.29530 1.99 0.02953 1.460
R esidual 72 1.45656 9.79 0.02023
Total 107 14.87602 100 0.13903
SE=0.1422, CV%=2.2
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Fig. 3.5c. Effect of Phythphthora cinnamomi and Pseudomonas cepacia 526 on plant root
weight in the glasshouse.
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: ln(plant root weight)
Source of variation DF SS SS% MS VR F
Potentials 5 6.21239 44.58 1.24248 55.148 3.29 (P=0.01)
Ph. cinnamomi 2 4.38589 31.47 2.19295 97.335 4.92 (P=0.01)
Ps. cepacia 1 0.65630 4.71 0.65630 29.130 7.01 (P=0.01)
P o ten tia l*Ph. cinnamomi 10 0.71117 5.10 0.07112 3.157 2.59 (P=0.01)
Potential*Ps. cepacia 5 0.13643 0.98 0.02729 1.211
Ph. cinnamomi*Ps. cepacia 2 0.05214 0.37 0.02607 1.157
Potential
*
Ph. cinnamomi
*
Ps. cepacia 10 0.1605 1.15 0.01605 0.712
R esidual 72 1.62216 11.64 0.02253
Total 107 13.93689 100 0.13025
SE=0.1501, CV%=1.7
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Fig. 3.6a. Effect of Phytophthora cinnam om i and Pseudom onas cepacia 526 on
tu rn ip  seedling survival in the constant tem peratu re  room. 
100
£
’S
&p
CO
ap
*5
!U
<u
CO
-8 - 6 - 4
Soil Matric Potential ( kPa )
*****a n a l y s is  o f  v a r ia n c e *****
Variate: sin-l(square root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Potentials 4 12722.83 64.19 3180.71 195.81 3.65 (P=0.01)
Ph. cinnamomi 2 3941.17 19.88 1970.58 121.31 4.98 (P=0.01)
Ps. cepacia 1 775.15 3.91 775.15 47.72 7.08 (P=0.01)
Potential*Ph. cinnamomi 8 179.86 0.91 22.48 1.38
Potential*Ps. cepacia 4 891.28 4.50 222.82 13.72 3.65 (P=0.01)
Ph. cinnamomi*Ps. cepacia 2 97.34 0.49 48.67 2.996
Potential
*
Ph. cinnamomi
*
Ps. cepacia 8 239.05 1.21 29.88 1.84
Residual 60 974.62 4.92 16.24
Total 89 19821.30 100 222.71
SE=4.030, CV%=6.9
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Fig. 3.6b. Effect of Phytophthora cinnamom i and Pseudomonas cepacia 526 on plant
weight in the constant temperature room.
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: ln(plant weight)
Source of variation DF SS SS% MS VR F
Potentials 4 0.666714 42.39 0.166679 27.19 3.65 (P=0.01)
Ph. cinnamomi 2 0.493600 31.38 0.246800 40.26 4.98 (P=0.01)
Ps. cepacia 1 0.001389 0.09 0.001389 0.23
Potential*P/i. cinnamomi 8 0.021807 1.39 0.002726 0.44
Potential*Ps. cepacia 4 0.006361 0.40 0.001590 0.26
Ph. cinnamomi*Ps. cepacia 2 0.007687 0.49 0.003844 0.63
Potential
*
Ph. cinnamomi
*
Ps. cepacia 8 0.007433 0.47 0.000929 0.15
Residual 60 0.367839 23.39 0.006131
Total 89 1.572830 100 0.017672
SE=0.07830, CV%=1.2
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Fig. 3.6c. Effect of Phytophthora cinnamomi and Pseudomonas cepacia 526 on plant root
weight in the constant temperature room.
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: ln(plant root weight)
Source of variation DF SS SS% MS VR F
Potentials 4 0.655564 43.87 0.163891 34.47 3.65 (P=0.01)
Ph. cinnamomi 2 0.483911 32.38 0.241956 50.90 4.98 (P=0.01)
Ps. cepacia 1 0.025632 1.72 0.025632 5.39 4.00 (P=0.05)
Potential*P/i. cinnamomi 8 0.021714 1.45 0.002714 0.57
Potential*Ps. cepacia 4 0.007074 0.47 0.001769 0.37
Ph. cinnamomi*Ps. cepacia 2 0.007880 0.53 0.003940 0.83
Potential
*
Ph. cinnamomi
*
Ps. cepacia 8 0.007436 0.50 0.000930 0.20
Residual 60 0.285227 19.09 0.004754
Total 89 1.494438 100 0.016791
SE=0.06895, CV%=0.8
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Fig. 3.7. Effect of Phytophthora cinnamomi and Pseudomonas cepacia 526 on turnip
seedling survival in the constant temperature room. 
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: sin-l(square root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Potentials 4 14378.88 62.78 3594.72 89.01 3.65 (P=0.01)
Ph. cinnamomi 2 3275.39 14.30 1637.70 40.55 4.98 (P=0.01)
Ps. cepacia 1 679.80 2.97 679.80 16.83 7.08 (P=0.01)
Potential*P/i. cinnamomi 8 371.43 1.62 46.43 1.15
Potential*Ps. cepacia 4 1298.23 5.67 324.56 8.04 3.65 (P=0.01)
Ph. cinnamomi*Ps. cepacia 2 86.90 0.38 43.45 1.07
Potential
*
Ph. cinnamomi
*
Ps. cepacia 8 388.09 1.69 48.51 1.20
R esidual 60 2423.14 10.58 40.39
Total 89 22901.85 100 257.32
SE=6.355, CV%=10.7
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Fig. 3.8a. Effect of Phytophthora cinnamomi on turnip seedling survival in the 
constant temperature room.
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: sin_f(square root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Potentials 4 7719.48 41.38 1929.87 33.32 3.65 (P=0.01)
Ph. cinnamomi 5 6326.25 33.91 1265.25 21.85 3.34 (P=0.01)
Potentials*P/i. cinnamomi 20 1134.01 6.08 56.70 0.98
Residual 60 3474.89 18.63 57.91
Total 89 18654.63 100.00 209.60
SE=7.610, CV%=18.7
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Fig. 3.8b. Effect of Phytophthora cinnam omi on p lan t weight in the constant tem perature
room .
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*****a n a l y s i s  o f  v a r i a n c e *****
V ariate: ln (p lan t weight)
Source of variation DF SS SS% MS VR F
Poten tials 4 0.25248 6.87 0.06312 2.34
Ph. cinnam om i 5 1.62035 44.10 0.32407 12.00 3.34 (P=0.01)
P otentials*P /i. cinnam om i 20 0.18446 5.03 0.00922 0.34
R esidual 60 1.61731 44.01 0.02700
T otal 89 3.67461 100 0.04129
SE=0.1302, CV%=2.0
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Fig. 3.8c. Effect of Phytophthora cinnamomi  on p lan t root weight in the  constant
tem peratu re  room.
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*****ANALYSIS OF VARIANCE***** 
Variate: ln(plant root weight)
Source of variation DF SS SS% MS VR F
Poten tials 4 4.51565 45.66 1.12891 28.20 3.65 (P=0.01)
Ph. c in n a m o m i 5 2.62058 26.50 0.52412 13.09 3.34 (P=0.01)
Potentials*P /i. c in n a m o m i 20 0.35144 3.55 0.01757 0.44
R esidual 60 2.40212 24.29 0.04004
Total 89 9.88981 100 0.11112
SE=0.2001, CV%=2.3
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Fig. 3.9a. Effect of Pythium ultimum  and Pseudomonas cepacia 526 on turnip seedling
survival in the glasshouse 
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: sin-l(square root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Potentials 5 5186.91 9.61 1037.38 46.98 3.29 (P=0.01)
Py. ultim um 2 42571.91 78.91 21285.96 964.04 4.92 (P=0.01)
Ps. cepacia 1 2220.03 4.11 2220.03 100.54 7.01 (P=0.01)
Potential*Py. ultim um 10 324.94 0.60 32.49 1.47
Potential*Ps. cepacia 5 228.00 0.42 45.60 2.07
Py. ultimum*Ps. cepacia 2 1427.13 2.65 713.57 32.32 4.92 (P=0.01)
Potential
*
Py. ultim um
*
Ps. cepacia 10 406.27 0.75 40.63 1.84
Residual 72 1589.76 2.95 22.08
Total 107 53954.95 100 504.25
SE=4.699, CV%=13.6
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Fig. 3.9b. Effect of Pseudomonas cepacia 526 on p lan t root weight in the glasshouse.
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***** a n a l y s is  o f  v a r i a n c e *****
Variate: ln(plant root weight)
Source of variation DF SS SS% MS VR F
Poten tials 5 5.02142 63.77 1.00428 19.99 3.90 (P=0.01)
Ps. cepacia 1 1.24040 15.75 1.24040 24.69 7.82 (P=0.05)
Potential*Ps. cepacia 5 0.40694 5.17 0.08139 1.62
R esidual 24 1.20539 15.31 0.05023
Total 35 7.87415 100 0.22498
SE=0.2745, CV%=2.9
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Fig. 3.10. Effect of Pythium ultimum  and Pseudomonas cepacia 526 on tu rn ip  seedling
survival in the constant tem perature room
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*****a n a l y s i s  o f  v a r i a n c e *****
V ariate: sin -l(square  root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Poten tials 4 9663.75 13.37 2415.94 79.50 3.65 (P=0.01)
Py. ultim um 2 49754.04 68.83 24877.02 818.59 4.98 (P=0.01)
Ps. cepacia 1 7348.51 10.17 7348.51 241.81 7.08 (P=0.01)
Potential*Py. ultim um 8 320.23 0.44 40.03 1.32
Potential*Ps. cepacia 4 283.43 0.39 70.86 2.33
Py. ultimum*Ps. cepacia 2 2851.80 3.95 1425.90 46.92 4.98 (P=0.01)
Potential
*
Py. ultim um
*
Ps. cepacia 8 239.25 0.33 29.91 0.97
R esidual 60 1823.48 2.52 30.39
Total 89 72284.49 100 812.19
SE=5.513, CV%=18.9
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Fig. 3.11a. Effect of Pythium ultimum  and Pseudomonas cepacia 526 on turnip seedling 
survival in the constant temperature room
Soil Matric Potential ( kPa )
*****a n a l y s is  o f  v a r ia n c e *****
Variate: sin-l(square root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Potentials 4 2422.88 3.53 605.72 21.26 3.65 (P=0.01)
Py. ultim um 2 54612.75 79.42 27306.38 958.45 4.98 (P=0.01)
Ps. cepacia 1 6237.82 9.07 6237.82 218.95 7.08 (P=0.01)
Potential*Py. ultim um 8 419.39 0.61 52.42 1.84
Potential*Ps. cepacia 4 96.45 0.14 24.11 0.85
Py. ultimum*Ps. cepacia 2 2828.66 4.11 1414.33 49.64 4.98 (P=0.01)
Potential
*
Py. ultim um
*
Ps. cepacia 8 433.72 0.63 54.22 1.90
R esidual 60 1709.31 2.49 28.49
Total 89 68760.98 100 772.60
SE=5.337, CV%=15.4
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Fig. 3.11b. Effect of Pseudomonas cepacia 526 on plant root weight in the constant
tem perature room.
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***** a n a l y s is  o f  v a r ia n c e *****
Variate: ln(plant root weight)
Source of variation DF SS SS% MS VR F
Potentials 4 1.82472 50.94 0.45618 10.66 4.43 (P=0.01)
Ps. cepacia 1 0.56876 15.88 0.56876 13.29 8.10 (P=0.01)
Potential*Ps. cepacia 4 0.33272 9.29 0.08318 1.94
Residual 20 0.85604 23.90 0.04280
Total 29 3.58224 100 0.12353
SE=0.2069, CV%=2.3
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Fig. 3.12. Effect of Pythium ultimum  on turn ip  seedling survival in the constant
temperature room
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*****a n a l y s is  o f  v a r ia n c e *****
Variate: sin-l(square root of seedling survival rate)
Source of variation DF SS SS% MS VR F
Potentials 4 6483.11 18.46 1620.78 16.95 3.65 (P=0.01)
Py. ultimum 5 20907.63 59.53 4181.52 43.74 3.34 (P=0.01)
Potentials*Py. ultimum 20 1994.57 5.68 99.73 1.04
Residual 60 5735.98 16.33 95.60
Total 89 35121.29 100 394.62
SE=6.753, CV%=17.9
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3.3.3. The pathogenicity of Ph. cinnamomi and the growth-prom oting effects of 
Ps. cepacia 526 on the host plant.
In the glasshouse, Ph. cinnamomi caused dam ping-off of tu rn ip  (Fig. 
3.5a) and reduced the p lant weight (Fig. 3.5b) when the soil m atric potential was 
0 kPa. It ne ither caused severe disease nor reduced the p lan t weight when soil 
m atric  po ten tia l was lower th a n  0 kPa. However, the fungus significantly  
reduced the p lan t root weight when soil m atric potential was between 0 and -5.0 
kPa (Fig. 3.5c). There were no significant difference betw een the two inoculum 
levels of the fungus.
In the constan t tem p era tu re  room, however, Ph. cinnam om i caused 
damping-off (Fig. 3.6a), reduced p lant weight (Fig. 3.6b) and p lan t root weight 
(Fig. 3.6c) a t all the m atric potentials tested. S ta tistica l analysis showed th a t 
there  were no in teractions betw een Ph. cinnamomi and soil m atric  potentials, 
indicating th a t such Ph. cinnamomi effects were not affected by the soil m atric 
potentials tested. S tatistical analysis also showed th a t there were no significant 
difference betw een the two Ph. cinnamomi inoculum  levels (Fig. 3.6a, 3.6b & 
3.6c). W hen th is experim ent was repeated w ith the B uchner funnels covered 
w ith plastic food w rap to prevent heterogeneity of w ater d istribution  through 
evaporation (experim ent 2), sim ilar resu lts  of disease incidences were obtained 
(Fig. 3.7). There was no difference in the soil w ater contents between the covered 
Buchner funnels and the uncovered ones.
In the experim ent conducted in the constant tem peratu re  room with 6 
inoculum levels of Ph. cinnamomi (0, 0.2, 0.4, 0.6, 0.8, 1.0%) w ithout Ps. cepacia 
526 (experim ent 3), Ph. cinnam om i again  caused dam ping-off (Fig. 3.8a), 
reduced the p lan t weight (Fig. 3.8b) and the p lan t root weight (Fig. 3.8c) w ithout 
in fluences from the  m atric  p o ten tia ls  te sted . The h ig h e r the  inoculum
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potentials, the significantly lower the seedling survival, the p lan t weight and the 
p lan t root weight (Figures 3.8a, 3.8b & 3.8c).
In independent experim ents conducted both in the glasshouse and the 
co nstan t tem p era tu re  room w ith Ph. cinnam om i and Ps. cepacia 526,
•£/}€
bacterium  failed to control the damping-off caused by the fungus. However, it 
consistently increased the seedling survival a t 0 kPa (Figures 3.5a, 3.6a & 3.7). 
This effect was not affected by the presence of Ph. cinnamomi.
Ps. cepacia 526 also directly influenced the host p lan t by significantly 
increasing  the p lan t root grow th (F igures 3.5c & 3.6c), a lthough it  did not 
significantly increase the p lant weight (Figures 3.5b & 3.6b). S tatistical analysis 
showed th a t these effects of Ps. cepacia 526 were not affected by either Ph. 
cinnamomi or the soil m atric potentials tested.
3.3.4. The pathogenicity of Py. ultim um  and the p lan t growth prom oting and 
disease biological control effects ofPs. cepacia 526.
In the glasshouse, Py. ultimum  caused severe disease a t all soil m atric 
potentials tested  (Fig. 3.9a). There were no significant differences either between 
the soil m atric potentials or between the two fungal inoculum potentials (1.0 & 
1.5%).
In the constant tem perature room, Py. ultimum  killed all the p lan t seeds 
and seedlings a t all soil m atric  potentia ls tested  (Fig. 3.10). There were no 
significant difference betw een the two inoculum  potentials (0.5 & 1.0%). W hen 
experim ent 5 was conducted w ith lower inoculum  potentials (0.1 & 0.5%) and 
with the Buchner funnels covered with food wrap to prevent the heterogeneity of 
w ater d is tribu tion  th rough evaporation, s im ilar re su lts  were obtained (Fig. 
3.11a). However, Py. ultimum  used at 0.5% caused more severe damping-off than
at 0.1%.
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In the experim ent conducted in the constant tem peratu re  room w ith six 
inoculum levels of Py. ultimum  (0, 0.1, 0.2, 0.3, 0.4, 0.5%) w ithout Ps. cepacia 526, 
Py. ultim um  caused severe disease a t all soil m atric  potentials. The disease 
became significantly more severe as the inoculum potential increased (Fig. 3.12).
In independent experim ents conducted both in the glasshouse and the 
constant tem peratu re  room w ith Py. ultim um  and Ps. cepacia 526, there was a 
strong and consistent in teraction  betw een Py. ultim um  and Ps. cepacia 526 in 
regard  to the host p lan t seedling survival. While Py. ultim um  caused severe 
damping-off of turn ip , Ps. cepacia 526 effectively reduced the disease a t all soil 
m atric potentials tested  (Figures 3.9a, 3.10 & 3.11a). Such disease control by Ps. 
cepacia was not significantly affected by soil m atric potentials w ithin the range 
tested. A part from its disease control effects, Ps. cepacia 526 also increased the 
seedling survival a t 0 kPa in the control funnels (Figures 3.9a, 3.10 & 3.11a).
The effects of Py. ultimum  on the p lan t weight and the p lan t root weight 
w ere no t d e term ined  because too few or no p lan ts  surv ived . However, 
exam ination of seedlings collected from funnels w ithout Py. ultim um  showed 
th a t Ps. cepacia 526 had increased the p lan t root w eight significantly in  the 
glasshouse (Fig. 3.9b) and in the constant tem perature  room (Fig. 3.11b).
3.3.5. Recovery of fungi from the diseased plants.
Both Ph. cinnam om i and Py. u ltim um  were regu larly  iso lated  from 
diseased tu rn ip  seedlings grown in the infested soil bu t rarely  from th a t grown 
in the control soil.
3.4. Discussion and Conclusion.
Soil-borne disease is affected by m any soil environm ental factors. These 
soil en v iro n m en ta l factors have m u ltiface ted  effects on th e  host p la n t 
susceptibility, on the pathogen virulence, and on the soil m icroflora which in
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tu rn  can affect the host p lant or the pathogen. Their combined effects decide the 
disease incidence. Thus, conclusion on the role of any soil environm ental factors 
cannot be made w ithout taking into account the specific soil characteristics, the 
host p lan t characteristics and the specificity of the pathogen.
Experim ents in  th is chap ter involved the host p lan t, the  pathogen, Ps. 
cepacia  526, the a ir tem peratu re , soil tem pera tu re  and  soil m atric  potential. 
Theoretically, these factors could in te rac t w ith one ano ther in  m any ways in 
th e ir  effects on p lan t growth and disease incidences.
3.4.1. The effects of soil m atric potential and the soil tem peratu re  on the host 
p lan t.
Soil m atric potential had direct and independent effects on the host plant. 
The seedling survival ra te  was significantly sm aller in sa tu ra ted  soil, the p lant 
w eight also became larger as soil m atric  potential decreased, ind icating  th a t 
high soil m atric potential greatly stressed  the p lan t growth, probably through 
reduced soil aeration  (Drew & Lynch 1980, Griffin 1981). Consequently, this 
s tress could affect the disease incidence. The increase in  p lan t root weight as soil 
m atric potential decreased was physiologically appropriate, because a larger root 
system  would absorb more w ater a t lower m atric potentials.
3.4.2. The pathogen icities of Ph. c in n a m o m i  and Py. u lt im um  and  th e ir  
relationship with the soil m atric potential and the soil tem perature.
The associations of soil m oisture, especially soil m atric  potential, and 
tem peratu re  w ith the incidence of diseases caused by Ph. cinnam om i  and Py. 
u l t im u m  have been extensively studied and widely recognized (refer to 1.2). 
However, the effects of soil m atric poten tia l and tem p era tu re  on the disease 
incidence cannot be generalized, as the m echanism s underly ing  such effects 
may be very different in various pathosystem . This is proved by the different 
re su lts  ob tained , and  the m u ltiface ted  ex p lan a tio n s  given, by d ifferen t
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researchers  w hen they  conducted experim ents to determ ine how soil m atric  
po ten tia l and  tem p era tu re  im posed th e ir  effects using different host p lan ts, 
p lants w ith different susceptibility, and different soils.
In th is study, Ph. cinnam om i in the glasshouse caused damping-off and 
reduced the p lan t weight only a t 0 kPa, and reduced the p lan t root weight a t soil 
m atric potentials between 0 and  -5.0 kPa, bu t the sam e fungus in the constant 
tem peratu re  room caused damping-off, reduced the p lan t w eight and the p lan t 
root weight a t all soil m atric potentials tested. In the constant tem perature room, 
the  daily  soil tem p era tu res  ranged from 23.5°C to 26°C, which is also the 
optim um  tem peratu re  range for Ph. cinnam om i (Zentm yer & M arshall 1959, 
Zentm yer 1980). In the glasshouse, the daily soil tem peratures were high a t low 
m atric potentials. I t is therefore likely th a t the the soil tem peratures in the room 
favoured Ph. cinnam om i and consequently increased the disease. U nder such 
tem p e ra tu res , Ph. c innam om i was pathogenic a t all soil m atric  potentials 
tested, even if its inoculum potential was as low as 0.2%. In the glasshouse, the 
increases in  soil tem p e ra tu res  a t m atric  p o ten tia ls  below -5.0 kP a  were 
unfavorable to Ph. cinnam om i. Only a t potentials higher than  -5.0 kPa were soil 
tem perature  rises sufficiently reduced so as to perm it pathogenic activity by Ph. 
cinnam om i to cause seedling death (0 kPa) or reduce p lan t root growth (0 to -1.5 
kPa). The high soil tem peratures may have inactivated the pathogen.
Soil tem peratu re  reflects the balance between the h eat energy gains and 
losses (Armson 1977). Solar rad iation  provides the prim ary h eat energy which 
can be reflected by the a ir tem perature. P a rt of the energy is rad iated  back by the 
soil surface, p a rt is used in  w ater evaporation, and p a rt is received by the soil 
resulting  in tem peratu re  rise.
Soil m oisture content exerts a g rea t influence on the soil tem peratu re  
regime (Armson 1977). Volumetric heat capacity, which is the quan tity  of heat
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required to raise the tem perature by 1°C of 1 cm^ soil, is an im portan t therm al 
property. The volumetric heat capacity of w ater is higher th an  th a t of most soil 
solids and greatly exceeds th a t of a un it volumn of soil when gases fill the  voids. 
The volum etric h ea t capacity of a soil therefore increases w ith  increase in 
m oisture content. The rate  of tem perature change in  soil of high w ater content is 
therefore less th an  in  dry soil. A nother influence of soil m oisture originates 
th rough the cooling caused by evaporation. The ra te  of evaporation is largely 
controlled by differences in w ater poten tia ls, tem pera tu res and  to rtuosity  of 
pathw ays between a source and a sink for w ater.
These complex in teractions betw een a ir tem peratu re , soil m oisture and 
soil tem p era tu re  were particu la rly  ev ident in  the resu lts  p resen ted  in  th is 
chapter. The daily soil tem perature were h igher than  the a ir tem peratu re  a t low 
m atric  potentials (especially a t -10.0 and -15.0 kPa) but lower a t high m atric 
potentials (0 and -1.5 kPa) in the high tem perature  glasshouse, w hereas those in 
the  co n stan t te m p e ra tu re  room w ere unchanged  because th e  daily  a ir  
tem peratu re  change is small. I t is likely th a t these differences in  tem peratu res 
of soils a t various m atric  po ten tia ls  arose m ainly from differences in  soil 
volumetric heat capacity (due to differences in soil m atric potentials) ra th e r than  
from evaporation, because the differences in soil m atric potentials, tem peratures 
and tortuosity of pathw ays were small.
The resu lts  in  th is chap ter suggested g rea t im portance of the complex 
interactions between a ir tem perature, soil m atric potential and soil tem perature  
in determ ining the disease incidence caused by Ph. cinnamomi. It is therefore 
im portant tha t, in in terpreta tion  of results obtained from experim ents where soil 
m oisture is the only variable, attention m ust also be given to the soil tem perature 
changes which m ay ex ist a p a r t from the  a ir  tem p e ra tu re . A com parable 
situation  to th a t existing in my own experim ents may have existed in  work by
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W este and  her colleagues, in  which they sum m arized  th a t du ring  the hot 
sum m er, the low soil m atric  po ten tia ls  restric ted  the m ycelial grow th and 
sp o rang ia l production by Ph. cinnam om i (W este & Taylor 1971, W este & 
V ithanage 1977).
The results obtained in this chapter were coincident w ith those obtained by 
H ine et al. (1964) who showed th a t the root and h eart ro t of pineapple caused by 
Ph. cinnam om i in  H awaii were severe betw een 19°C and 25°C, b u t disease 
developed slowly at 30°C and not a t all a t 36°C.
It should be noted th a t the w ater evaporation which may have existed in 
th ese  experim ents did not cause any significant heterogeneity  of soil w ater 
d is trib u tio n  or reduce soil w ater content, because the  w ater levels in  the 
reservoirs were constantly kept the sam e so th a t the heights of w ater columns 
were not changed. This was supported by th a t there was no difference in  the soil 
w a ter content a t the sam e m atric  potential betw een the  glasshouse and the 
constan t tem peratu re  room.
P lan t growth was significantly stressed by soil saturation. This may be an 
aspect of im portance in disease incidence caused by Ph. cinnamomi in  satu rated  
soil. I t  m ay be possible th a t when the higher soil tem peratu re  in  the glasshouse 
was less favorable for Ph. cinnamomi, the  more predisposition, caused by soil 
sa tu ration , of the host p lan t to attack by the fungus became im portant. W hen the 
soil tem p era tu re  in  the room was favorable for the fungus, the predisposing 
effect of high soil m atric potential on the host p lan t became unim portant. Ph. 
cinnamomi was able to infect the host p lan t and cause severe disease, even if its 
inoculum  potential was as low as 0.2%.
In  th is  study , Py. ultim um  showed its  pathogen icity  a t all m atric  
po ten tia ls  studied in  both the glasshouse and the constan t tem pera tu re  room, 
even if its  inoculum potential was as low as 0.1%. Therefore, w ithin the range of
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the soil m atric potentials and the soil tem peratures tested, the disease incidence 
caused by the Py. ultim um  isolate was not affected. The resu lts agreed w ith an 
early report by Griffin (1963), who found th a t a range of soil m atric potentials (- 
0.1 to -40 kPa) had no major effect on hyphal growth and sexual reproduction of 
Py. ultim um  in artificial soils.
U nder su itab le  soil tem p era tu re  and soil w ater conditions, disease 
severity was associated w ith the inoculum potential over a certain  range, of both 
pathogens. However, when the inoculum  potential of the pathogen reached a 
certain  level, th a t is 0.5% for Py. ultim um , 1.0% for Ph. cinnamomi, fu rth er 
increases had no effect.
3.4.3. P lan t growth-promotion and biological control of disease by Ps. cepacia 526 
and the relationships with soil tem peratures and m atric potentials.
Ps. cepacia exists in  soils and on p lant root sam ples as a broad spectrum  
antagonist to p lan t pathogens (Spurr & Sasser 1982). Although some work has 
been done, the m echanism s by which Ps. cepacia functions as a biological 
control agent are uncertain. The relationship  between biological control by Ps. 
cepacia and soil m atric potential has not previously been studied.
In th is study, Ps. cepacia 526 promoted p lan t growth and increased the 
ability of the host p lan t to survive under conditions of soil sa tu ration  in both the 
high tem peratu re  glasshouse and the constant tem peratu re  room experim ents. 
The m echanism s for these  effects are unknow n. N ote how ever th a t  the 
underlying effect on the m easure of seedling survival cannot be assum ed to be 
operative only a t soil sa tu ration . At o ther m atric  potentia ls, i t  could not be 
expressed because survival was already close to 100%. This is supported by the 
data  showing th a t the seedling survivals were not significantly different among 
the various non-saturated  soils in the control.
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These experim ents also dem onstrated  a biological control effect of Ps. 
cepacia  526 on the disease incidence. Ps. cepacia 526 failed to reduce the 
damping-off caused by Ph. cinnamomi bu t effectively reduced th a t caused by Py. 
ultim um  a t all soil m atric potentials in both the high tem peratu re  glasshouse 
and m edium constant tem peratu re  room. It therefore seemed th a t a strong and 
effective an tagonistic  effect of Ps. cepacia 526 existed in  the soil again st Py. 
ultim um  bu t not against Ph. cinnamomi. Complex and different m echanism s of 
interactions between the bacterium  and the fungi in soil were indicated.
In th is  study, p lan t-grow th-prom otion  and biological control by Ps. 
cepacia 526 were not affected by either the soil tem peratu re  or the soil m atric 
po ten tia ls  tested . I t is therefore suggested  th a t Ps. cepacia 526 h as good 
adap tab ility  to a varie ty  of soil tem peratu re  and w ater conditions w ith in  the 
range used. However, th is  conclusion obviously cannot be ex trapo lated  over 
different tem perature and m atric potential ranges other than  those used in these 
experim ents.
CHAPTER 4. ANTAGONISM BY PSEUDOMONAS CEPACIA 526
AGAINST PHYTOPHTHORA CINNAMOMI AND PYTHIUM ULTIMUM 
AND THE ASSOCIATION WITH NUTRIENTS
4.1. Introduction.
In chap ter 3, the biological control by Pseudomonas cepacia 526 of 
dam ping-off of tu rn ip  caused by Phytophthora cinnam om i  and P y th iu m  
u l t im u m  a t various soil tem p era tu re  and m atric  po ten tia ls  was reported . 
Experim ents showed th a t Ps. cepacia 526 effectively controlled disease caused by 
Py. ultimum  bu t not th a t caused by Ph. cinnamomi. However, the prelim inary 
experim ents in  chap ter 2 showed th a t Ps. cepacia 526 was able to cause 
reduction k f  growth of Ph. cinnamomi bu t not of Py. ultimum,  on PDA agag 
medium-. Experim ents in th is chapter fu rther exam ine the antagonistic effects 
of Ps. cepacia s tra in  526 against Ph. cinnamomi and Py. ultimum  and the 
influence of various agar and liquid media. Since oat seeds were used in  chapter 
3 for the p repara tion  of inocula of both Ph. cinnamomi  and Py. u ltim um ,  
oatmeal was also used for the culture tests in this chapter.
4.2. Materials and Methods.
4.2.1. Pseudomonas cepacia 526 was subcultured on n u trien t agar. Ps. cepacia 
526 suspension was prepared by the method described in 2.2.2 and was used in 
the following liquid cu ltu re  tests. Phytophthora cinnamomi and P y th iu m  
ultimum  were subcultured on corn meal agar.
4.2.2. Agar plate experim ents to evaluate antagonism .
Two experim ents were conducted using different agar media.
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4.2.2.1. Single medium experiment.
Potato  dextrose agar (PDA), corn m eal agar (CMA), V-8 ag ar (V-8), 
oatm eal agar (OMA), Czapek Dox agar (CDA), n u trien t agar (NA) and w ater 
agar (WA) were used (see 2.1. for details of media.).
A 2 day old Ps. cepacia 526 culture was transferred  by a loop onto a 9 cm 
petri plate w ith four spots placed evenly round the petri plate, each 5 mm from 
the edge. The petri plate contained 20 ml agar medium. At the same tim e, or 2 
days la te r, one fungal plug of e ith e r Ph. cinnam om i or Py. u ltim um  w as  
transferred  from a 7 day old culture onto the center of the petri p late  using a 
sterile  5 mm diam eter cork borer and forceps. Control plates were inoculated 
w ith fungal plugs only. The petri plates were incubated a t 26°C for 1 week. The 
distance from the edge of the Ps. cepacia 526 colony to the edge of the fungal 
colony was then  m easured  as the size of the fungal grow th inhib ition  zone. 
There were four replicate plates for each Ps. cepacia 526, fungus and medium 
com bination.
4.2.2.2. Mixed m edia experiment.
This experim ent was conducted w ith agar m edia made from combined 
n u trien t broth and oatmeal. N u trien t broth concentrations were 0, 0.2 and 0.8% 
w/v, w hereas those of oatm eal were 0, 1 and 4% w/v in  distilled w ater. In  each 
conical flask containing 500 ml distiled w ater, the desired am ounts of n u trien t 
broth and oatm eal and 2% agar were added. The m edia were heated  to boiling 
w ith constant agitation, autoclaved a t 121°C for 30 min, and then  poured into 
sterile petri plates.
O atm eal was obtained by: 1) drying oat seeds a t 75°C for 2 days; 2) 
grinding oat seeds and sieving the oatmeal through a 500 micron sieve.
The m ethods for the inoculation, incubation of the bacterium  and the 
fungi and the m easurem ent of the inhibition zone were the sam e as in  4.2.2.1,
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except th a t  bacterium  and fungus were inoculated into the petri p la tes a t the 
sam e time.
4.2.3. Liquid m edia experim ents to evaluate antagonism .
4.2.3.1. Growth inhibition of Ph. cinnamomi and Py. ultimum  by Ps. cepacia 526 
in  n u trien t suspensions.
This experim ent was conducted w ith n u trien t suspensions m ade from 
combined n u trien t broth and oatmeal. N u trien t broth concentrations were 0, 0.2, 
0.4 and 0.8% w/v, whereas oatm eal concentrations were 0, 0.5, 1 and 2% w/v in 
d istilled  w ater. In each conical flask contain ing 500 ml d-istiied- w ater, the
dtstiffecf
desired  am ounts of n u trie n t bro th  and  oatm eal were added. The n u tr ie n t 
suspensions were heated  to boiling w ith constan t ag ita tion . Each 50 ml of 
n u trien t suspension was then dispensed into a 100 ml conical flask, autoclaved 
a t 121°C for 30 min.
Each conical flask containing 50 ml n u trien t suspension was inoculated 
w ith a single 7 day old agar plug of Ph. cinnamomi using a 5 mm diam eter cork 
borer and forceps. At the sam e tim e, 0.5 ml Ps. cepacia 526 suspension was 
added into the conical flask. Control flasks were inoculated with Ph. cinnamomi 
agar plugs only. There were three replicates for each combined n u trien t broth 
and  oatm eal suspension. The flasks were placed on a ro tary  shaker (150 rpm) 
and m aintained a t 26°C for 7 days.
After 7 days incubation, the Ph. cinnamomi mycelial m at was taken  out 
from each conical flask, rinsed in  tap  w ater to remove the residual oatm eal and 
n u trien t broth, dried a t 75°C for 4 days and weighed. The mycelial dry weight 
was used as the m easurem ent of fungal growth. The data  were log-transform ed 
and analyzed by analysis of variance (refer to 2.6).
Growth inhib ition  of Py. ultim um  by Ps. cepacia 526 in  the n u trien t 
suspensions was tested  in a sim ilar m anner in a separate  experim ent.
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4.2.3.2. Growth inhibition of Ph. cinnamomi and Py. ultimum  by Ps. cepacia 526 
in n u trien t suspensions of h igher oatm eal concentration.
Two experim ents were conducted again w ith Ph. cinnam om i or Py. 
ultim um . However, in  these experim ents, n u trien t broth concentrations were 0 
and 0.8% and oatm eal concentrations were 0, 2 and 4% w/v in distilled water. 
The other procedures were the same as described in 4.2.3.1.
4.2.3.3. Growth inhibition of Ph. cinnamomi and Py. ultimum  by Ps. cepacia 526 
cell free filtra te  (CFF) in n u trien t suspensions.
In a 2000 ml conical flask, 1500 ml nu trien t broth was inoculated with Ps. 
cepacia 526 by a inoculation loop. The flask was placed on a ro tary  shaker (150 
rpm ) and m ain tained  a t 26°C for 3 days. The Ps. cepacia 526 cell free filtrate  
(CFF) was obtained by centrifuging the bacterial suspension (5000 g for 30 min at 
4°C; Sorvall RC-5B R efrigerated  Superspeed C entrifuge) and filtering  the 
su p ern a tan t through a 0.2-pm pore size Filter (Millipore Corp., Bedford, MA) 
under sterile condition. The difference in concentration of Ps. cepacia 526 CFF 
before and after the filtration was negligible because there was little  change in 
the  volume. This Ps. cepacia 526 CFF was used for te sts  ag ain st both Ph. 
cinnamomi and Py. ultimum.
Combined n u trien t broth and oatm eal suspensions were prepared using 
m ethods as described in 4.2.3.1. N u trien t broth was used a t 0 and 0.8% and 
oatm eal was used a t 0, 2 and 4% as in 4.2.3.2. Each 50 ml n u trien t suspension 
was dispensed into a 100 ml conical flask, autoclaved at 121°C for 30 min. These 
flasks were used as control. N u trien t broth and oatm eal suspensions were also 
prepared in  the same way but a t double concentrations, and each 25 ml doubly 
concentrated n u trien t suspension was dispensed into a 100 ml conical flask and 
autoclaved a t 121°C for 30 min. These 25 ml doubly concentrated  n u trien t 
suspensions in  each flask were then  each mixed w ith 25 ml Ps. cepacia 526 CFF
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under sterile conditions. The final n u trien t concentrations in Ps. cepacia 526 CFF 
trea ted  flasks were therefore approxim ately the sam e as in the control flasks, as 
Ps. cepacia 526 CFF inevitably brought into the flasks some residual n u trien t 
broth from its  original cultures. All the flasks were then  inoculated w ith either a 
7 day old agar plug of Ph. cinnamomi or a 3 day old agar plug of Py. ultim um  
using a 5 mm diam eter cork borer and forceps. The other procedures, including 
the  incubation, m easurem ent of fungal grow th and da ta  analysis, were as 
described in  4.2.3.1. There were th ree  replicates for each combined n u trien t 
broth and oatm eal suspension.
4.3. Results.
4.3.1. Agar p late antagonism  experim ents.
After having been incubated a t 26°C for 1 week, the petri p lates were 
exam ined for fungal growth inhibition zones caused by Ps. cepacia 526 (Tables 
4.1 & 4.2). Ph. cinnamomi completely overgrew all the control plates in  7 days 
w hereas Py. u ltim um  took 3 days. The grow th of Ph. c innam om i was 
significantly inhibited by Ps. cepacia 526 on CMA, CDA, NA, WA, and PDA, but 
not on OMA nor on V-8 (P=0.01, Table 4.1). This inhibition was reduced by the 
addition and increase in medium oatm eal content (Table 4.2). No clear inhibition 
zone was shown against Py. ultimum  on any of the agar media tested. However, 
when Py. u ltim um  hyphae contacted the  bacteria l colony, lysis of hyphae
occurred, spreading extensively away from the original bacterial colony. 7#<? c<?MafS€ *j
/lufbxe CA* be  a& es^ ecf j 'kuoJCu %
'  In the experim ent described in 4.2.2.1 , Ps. cepacia 526 was inoculated into
the p lates a t the same time, or 2 days before the inoculations with fungal plugs. 
This tim e difference did not make any difference in the fungal growth inhibition 
by Ps. cepacia 526.
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Table 4.1. Fungal growth inhibition zone$ caused by Ps. cepacia 526 
on agar plates.
Agar m edia Ph. cinnam om i Py. u ltim um
OMA 0 a 0 a
V-8 0 a 0 a
PDA 6 b 0 a.
CMA 16 c 0 a
CDA 17 c 0 a
NA 21 c 0 a
WA 17 c 0 a
^V alues are  m eans of four rep licates rep resen tin g  the  d istance
between the bacterial colony and fungal colony. \/oJm€ ^  -foffoujec/ o y  CPe 
l^rfers Art 7urf- ‘siyAificanS/y acc&ra**y & 2>ttn&vi'L
rosufe fe s t  C P - o-oi)  .
Table 4.2. Fungal growth inhibition zone|f caused by Ps. cepacia 526 
on agar plates.
Agar m edia
(O atm eal*N utrient Broth)
Ph. cinnam om i Py. u ltim um
0%*0.0% 16 b 0 a
0%*0.2% 16 b 0 a
0%*0.8% 22 b 0 a
1%*0.0% 2 d 0 a
1%*0.2% 2 a 0 a
1%*0.8% 2 a 0 a
4%*0.0% 0 a 0 a
4%*0.2% 0 a 0 a
4%*0.8% 0 a 0 a
#V alues are  m eans of four rep licates rep resen tin g  the  d istance 
between the bacterial colony and fungal colony, {/ojy/e^
M ferz c*se Ttvf' cf f^fese*t /  &
J ) uoicx*a 's inuJPrpfe ’f a s t  c u p  P ~  c . o f  m
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4.3.2. Growth inhibition of fungi by Ps. cepacia 526 in n u trien t suspensions.
In the control flasks, the growth of both Ph. cinnam om i and Py. u ltim um  
was increased  by the  increases in  the piedi-nTh oatm eal content, b u t ne ither 
fungus responded to increases in the n u trien t broth content if  the m edium also 
contained oatm eal, indicating th a t the effect of n u trien t broth was negligible if 
oatm eal was p resen t (Tables 4.3-6). In m edia w ithout oatm eal, however, the 
growth responses of Ph. cinnam om i and Py. u ltim um  to n u trien t bro th  were 
different. Increasing  the n u trien t broth content increased  the grow th of Py. 
u ltim um  (Tables 4.3 & 4.4) bu t not th a t of Ph. cinnam om i (Tables 4.5 & 4.6), 
a lthough  Ph. c innam om i did grow on n u trie n t agar m edium  in the  agar 
medium  experim ents. Thus Py. u ltim um  was able to grow in liquid n u trien t 
broth but Ph. cinnamomi was not.
In the presence of Ps. cepacia 526, the growth of Py. u ltim u m  was 
completely inhibited. Increasing the contents of oatm eal and n u trien t broth  in 
the m edia did not increase the growth of Py. u ltim um  (Tables 4.3 & 4.4). Ps. 
cepacia 526 also reduced the growth of Ph. cinnam om i bu t th is reduction was 
affected by the mpdium oatmeal and nu trien t broth content. The reduction by Ps. 
cepacia  526 of Ph. cinnam om i growth was less when the n^dfurn  oatm eal 
content was 2% combined w ith  0.8% n u tr ie n t b ro th , or w hen the  mejdtum 
oatm eal content was greater than  2% with or w ithout n u trien t broth (Tables 4.5 
& 4.6).
4.3.3. Growth inhibition of fungi by Ps. cepacia 526 cell free filtra te  in n u trien t 
suspensions.
The resu lts  of these experim ents are shown in tables 4.7 and 4.8. The 
growth responses of the fungi in the control flasks were same as in 4.3.2.
The growth of Py. u ltim um  was strongly inhibited by Ps. cepacia 526 CFF 
(Table 4.7). Py. u ltim um  grew better in media containing oatm eal or n u trien t
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Table 4.3. Dry w eight m eans# [log(mg)] of Py. u ltim u m  mycelium grown in 
n u trien t suspensions in  the presence or absence of Ps. cepacia 526.
N utrien t suspension 
(O atm eal*N utrient Broth) Control
Py. u ltim um
Ps. cepacia 526
0%*0.0% 1.040 ## a 1.075 a
0%*0.2% 2.346 be 1.098 a
0%*0.4% 2.711 cd 1.249 a
0%*0.8% 3.346 d 1.267 a
0.5%*0.0% 4.329 e 1.570 ab
0.5%*0.2% 4.401 ef 1.087 a
0.5%*0.4% 4.706 efg 1.350 a
0.5%*0.8% 4.511 ef 1.209 a
1%*0.0% 4.885 efg 1.372 a
1%*0.2% 4.946 efg 1.509 ab
1%*0.4% 5.272 fgh 1.533 ab
1%*0.8% 5.554 gh 1.824 ab
2%*0.0% 5.823 h 1.386 a
2%*0.2% 5.982 h 1.238 a
2%*0.4% 5.808 h 1.673 ab
2%*0.8% 5.936 h 1.491 ab
#Values are m eans of th ree  replicates. Values followed by a sam e le tte r are not 
significantly different according to Duncan's m ultiple range test a t P=0.05. 
##W eight of Ph. cinnam om i agar plugs was from 1.040 to 1.372.
Table 4.4. Dry w eight m eans# [log(mg)] of Py. u ltim u m  mycelium grown in 
n u trien t suspensions in  the presence or absence of Ps. cepacia 526.
N utrien t suspension 
(O atm eal*N utrient Broth) Control
Py. u ltim um
Ps. cepacia 526
0%*0.0% 0.622## a 0.414 a
0%*0.8% 3.348 b 0.875 a
2%*0.0% 5.312 c 0.993 a
2%*0.8% 5.135 c 0.832 a
4%*0.0% 6.050 d 0.581 a
4%*0.8% 6.330 d 0.919 a
#Values are m eans of th ree  replicates. Values followed by the sam e le tte r are 
not significantly different according to Duncan's m ultiple range test a t P=0.001. 
##W eight of Py. u ltim um  agar plugs was from 0.414 to 0.993.
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Table 4.5. Dry weight m eans# [log(mg)] of Ph. cinnam om i mycelium grown in 
n u trien t suspensions in the presence or absence of Ps. cepacia 526.
N utrient suspension 
(Oatmeal *N utrient Broth)
Ph.
Control
cinnam om i
Ps. cepacia 526
0%*0.0% 0.556## a 0.903 a
0%*0.2% 0.913 a 0.566 a
0%*0.4% 0.993 a 0.779 a
0%*0.8% 0.811 a 0.586 a
0.5%*0.0% 3.732 bed 1.040 a
0.5%*0.2% 3.085 bed 0.934 a
0.5%*0.4% 3.701 bed 0.982 a
0.5%*0.8% 4.709 de 1.027 a
1%*0.0% 3.498 bed 0.544 a
1%*0.2% 3.439 bed 0.497 a
1%*0.4% 4.000 ede 0.928 a
1%*0.8% 4.520 de 1.105 a
2%*0.0% 4.724 de 2.149 abc
2%*0.2% 4.570 de 1.812 ab
2%*0.4% 4.277 de 1.857 ab
2%*0.8% 5.768 e 4.930 de
#Values are m eans of three replicates. Values followed by the same le tte r are 
not significantly different according to D uncan’s m ultiple range test a t P=0.05. 
##W eight of Ph. cinnam om i agar plugs was from 0.500 to 1.105.
Table 4.6. Dry weight m eans# [log(mg)] of Ph. cinnam om i mycelium grown in 
n u trien t suspensions in the presence or absence of Ps. cepacia 526.
N utrient suspension 
(O atm eal^N utrient Broth) Control
Ph. cinnam om i
Ps. cepacia 526
0%*0.0% 0.751## a 0.709 a
0%*0.8% 1.001 a 0.980 a
2%*0.0% 5.036 d 0.982 a
2%*0.8% 5.376 d 1.832 b
4%*0.0% 5.599 de 2.667 c
4%*0.8% 6.071 e 5.070 d
#Values are m eans of th ree replicates. Values followed by the  same le tte r are 
not significantly different according to Duncan's m ultiple range test a t P=0.001. 
##W eight of Ph. cinnam om i agar plugs was from 0.700 to 1.001.
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Table 4.7. Dry w eight m eans# [log(mg)J of Py. ultim um  m ycelium  grown in 
n u trien t suspensions in the presence or absence of Ps. cepacia 526 CFF.
N utrient suspension 
(O atm eal^N utrient Broth) Control
Py. ultimum
Ps. cepacia 526
0%*0.0% 0.817 a 0.740 a
0%*0.8% 4.080 cd 2.494 b
2%*0.0% 5.482 ef 3.151 be
2%*0.8% 5.396 ef 2.678 b
4%*0.0% 6.146 f 3.807 bed
4%*0.8% 6.204 f 3.560 be
^Values are m eans of three replicates. Values followed by the sam e le tte r are 
not significantly different according to Duncan's m ultiple range test a t P=0.001. 
##W eight of Ph. cinnamomi agar plugs was approxim ately 0.750.
Table 4.8. Dry weight m eans# [log(mg)] of Ph. cinnamomi mycelium grown in 
n u trien t suspensions in the presence or absence of Ps. cepacia 526 CFF.
N utrien t suspension 
(O atm eal*N utrient Broth) Control
Ph. cinnamomi
Ps. cepacia 526
0%*0.0% 0.735 a 0.734 a
0%*0.8% 1.001 a 0.980 a
2%*0.0% 3.888 c 3.388 b
2%*0.8% 3.891 c 3.351 b
4%*0.0% 4.929 d 4.886 d
4%*0.8% 4.967 d 4.847 d
^Values are m eans of th ree replicates. Values followed by the sam e le tte r are 
not significantly different according to Duncan's m ultiple range test a t P=0.01. 
##W eight of Ph. cinnamomi agar plugs was from 0.735 to 1.001.
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bro th  or both th an  in w ater, b u t adding more n u tr ie n t did not m ake any 
difference to the inhibition of Py. ultimum  by the bacterial CFF (Table 4.7).
The growth of Ph. cinnamomi was inhibited by Ps. cepacia 526 CFF (Table 
4.8). As in previous experim ents, this inhibition was affected by the oatm eal and 
n u trien t bro th  content of the media. There was inhibition  when the oatm eal 
content was 2% but not a t 4%.
4.4. Discussion and Conclusion.
In selecting biological control agents of soil-borne p lan t pathogens, in 
vitro culture tests are generally an im portan t step as they makeijf it  sim pler and 
quicker to do large scale screening of a num ber of m icroorganism s. However, 
the resu lts  of the te sts  are not always m atched by perform ance in practice 
(Utkhede 1983, U tkhede 1986), as indicated by the conflicting results obtained in 
the prelim inary experim ents in chapter 2 and those obtained in chapter 3, due to 
the g rea t differences betw een the complex changing soil conditions and the 
rela tively  uniform  and stab le  cu ltu re  conditions. N u trie n t availab ility  also 
usually differs greatly between n a tu ra l and culture situation. Therefore, caution 
m ust be taken  in perform ing in vitro cu ltu re  te sts  and in in te rp re tin g  the ir 
results. The resu lts  would be more convincing if in vitro tests  were perform ed 
under various conditions such as w ith  m edia differing in  th e ir  n u tr ie n t 
components and w ith both agar and liquid media, as in experim ents described 
in this chapter.
N u trien t has been a param ount factor in the in teraction  betw een Ph. 
cinnamomi and Ps. cepacia 526 in these experim ents. On agar media, inhibition 
of Ph. cinnamomi by Ps. cepacia 526 was none or reduced on m edia such as 
OMA, V-8, PDA and combined n u trien t broth and oatm eal agar. These media 
are relatively rich in nu trien ts. The first liquid media te s t showed a significant
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reduction of inhibition of Ph. cinnamomi by Ps. cepacia 526 when combined 0.8% 
n u trien t and 2% oatm eal liquid m edium was used. These resu lts  indicated  a 
strong n u trien t effect. Experim ents w ith higher n u trien t levels were therefore 
perform ed in the second liquid media experim ent and the effects of high nu trien t 
levels were again confirmed.
High n u trien t levels could play th e ir roles in e ither n u trien t competition 
or antibiotic in teraction between Ph. cinnamomi and Ps. cepacia 526. N u trien t 
competition, however, was unlikely to be im portan t because the growth of Ph. 
cinnamomi in  n u trien t suspension containing 2% oatm eal was inhibited  by Ps. 
cepacia 526 cell free filtrate. The reactions of Ph. cinnamomi to Ps. cepacia 526 
and the cell free filtrate were sim ilar so it is likely th a t the m ain effect of nu trien t 
level was on the antibiotic interaction.
One explanation  for th is  n u trien t effect on the antib io tic  in teraction  
between Ph. cinnamomi and Ps. cepacia 526 assum es th a t the effects were on Ps. 
cepacia 526. High n u trien t level m ight reduce the antibiotic production by Ps. 
cepacia 526 resulting  in reduced inhibition of Ph. cinnamomi. If this were so, we 
should expect th a t the cell free filtra te  produced from 8% n u trien t broth  Ps. 
cepacia 526 culture would have the sam e effect on Ph. cinnamomi grown in 
liquid m edia of various n u trien t concentrations. However, the resu lts  obtained 
with Ps. cepacia 526 CFF have showed varied inhibition of Ph. cinnamomi (Table 
4.8). A second explanation, th a t the n u trien ts  determ ined the reaction of Ph. 
cinnamomi to the Ps. cepacia 526 antibiotic effects, is therefore likely to be valid. 
The n u trien ts  may have affected the fungal suscep tib ility  to the bacteria l 
antibiosis or the effect of the fungus on the bacterium .
The n u trien t effects on Ph. cinnamomi were not exactly the sam e on agar 
p lates as in  liquid m edia. For exam ple, Ph. cinnam om i was only slightly  
inhibited by Ps. cepacia 526 in liquid m edia containing 1% oatm eal or even 2%
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oatm eal (Tables 4.5&4.6), bu t it  was strongly inhibited on agar m edia containing 
only 1% oatm eal (Table 4.2). There may therefore be quite different m echanisms 
involved in the reactions of Ph. cinnamomi on agar plates and in liquid media. 
How Ph. cinnamomi reacted to the Ps. cepacia 526 antibiotic effects a t various 
n u trien t levels needs to be clarified. One explanation is th a t Ph. cinnamomi was 
able to grow so efficiently a t high n u trien t levels th a t its quick growth offset the 
an tib io tic  effect of Ps. cepacia 526. This was supported  in  liqu id  m edia 
experim en t w ith Ps. cepacia 526 cell free filtra te  where the grow th of Ph. 
c in n a m o m i was inhib ited  by Ps. cepacia 526 CFF in n u tr ie n t suspension  
containing 2% oatm eal but not in those containing 4% oatmeal. At high nu trien t 
levels, Ph. cinnamomi may also have perform ed some defensive actions against 
Ps. cepacia 526, for example, production of antibiotics.
Although increases in  n u trien t level increased the growth of Py. ultimum  
in  the  absence of Ps. cepacia 526, such increases had little  influence in reducing 
the growth inhibition of Py. ultimum  by Ps. cepacia 526. There is no significant 
evidence of n u trien t competition betw een Py. ultimum  and Ps. cepacia 526, so 
any interaction is likely to mainly involve antibiosis and this was not affected by 
n u trien t levels.
Bacteria may affect fungi by producing different types of antibiotics. Some 
are quickly released upon production, resu lting  in an inhibition  zone in agar 
m edium  experim ent. Some an tib io tics, however, are produced w ith in  the 
bacterial cell and are only released when bacterial lysis occurs. Inhibition caused 
by such antibiotics cannot be reflected by inhibition zones on agar m edia (Howell 
& Stipanovic 1979, Howell & Stipanovic 1980). Liquid medium experim ents may 
help to dem onstrate the presence of such antibiotics.
In the liquid m edium  experim ents, both Ps. cepacia 526 and its CFF 
caused growth inhibition of Py. ultim um . Ps. cepacia 526 caused hyphal
93
lysis in Py. ultimum  a fter direct contact bu t did not produce inhibition zones in 
agar media. On the o ther hand, Ps. cepacia 526 and its CFF reduced the growth 
of Ph. cinnamomi in  liquid medium and also produced inhibition zones in agar 
m edia. It therefore seem s likely th a t Ps. cepacia 526 produces a t least two 
antibiotics, one active against Py. ultim um  being produced inside the bacterial 
cell and released after its  lysis, the o ther active against Ph. cinnamomi being  
released into agar and liquid m edia soon after production.
The resu lts  of in teractions between bacterium  and fungi in cu lture are 
determ ined not only by bacterial antibiosis bu t also by the fungal responses. 
These again  are affected by the m edium  n u trien ts . Since there  were g reat 
difference in  the inh ib itions of Ps. cepacia 526 on Ph. cinnam om i and Py. 
ultim um , I t is possible th a t differences existed in the fungal susceptibility to the 
bacterial antibiosis or the effect of the fungus on the bacterium . This requires 
fu rther study.
CHAPTER 5. EFFECTS OF PHYTOPHTHORA CINNAMOMI
AND PYTHIUM ULTIMUM ON PSEUDOMONAS CEPACIA 526
5.1. Introduction.
The interactions between a p lan t pathogen and a biological control agent 
m ay be in  both directions. While the biological control agent may be antagonistic 
to the p lan t pathogen, the p lant pathogen may also impose a counter-effect on the 
biological control agent. In the studies of such complex in teractions, however, 
the antagonistic effects of the biological control agent on the p lan t pathogen are 
usually  the focus and the effects of the p lan t pathogen on the biological control 
agen t are usually  neglected. To achieve successful disease biological control, 
these two aspects require equal attention.
The experim en ts  in  ch ap te rs  3 and  4 have a lread y  show n th a t  
Phytophthora cinnamomi and Pythium ultim um  responded differently both to 
Pseudomonas cepacia 526 and to n u tr ie n t concentrations. The re su lts  also 
indicated possible production by the bacterium  of two or more antibiotics, with 
contrasting  properties, one specifically affecting each fungus. In exper im ent of* 
th is  chapter, the effects of pyrrolnitrin, an antibiotic produced by Ps. cepacia 526, 
on Ph. cinnamomi and Py. ultim um  were exam ined. More experim ents were 
also conducted to fu rth er elucidate the reactions of Ph. cinnam om i and Py. 
ultimum  to Ps. cepacia 526.
5.2. M aterials and Methods.
5.2.1. Ps. cepacia 526, Ph. cinnamomi and Py. ultimum.
Ps. cepacia 526 was subcultured on n u trien t agar. Ps. cepacia 526 n u trien t 
broth suspension expected to contain approxim ately 10^ colony forming un its  per 
m illiliter (cfu/ml) was prepared by the method described in  2.2.2. The suspension
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was serially  diluted to obtain suspensions expected to contain 10^ , 10^, 10^ 
cfu/ml. Ph. cinnam om i and Py. u ltim um  were subcultured and m ain ta ined  on 
corn m eal agar.
5.2.2. Agar media.
Agar m edia were made from combined n u trien t broth and oatm eal. In the 
experim ents described in 5.2.3 and 5.2.4.1, n u tr ie n t bro th  concentration was 
e ith e r 0 or 0.8%, and  oatm eal concen tra tion  was e ith e r 0, 1 or 4%. In 
experim ents 5.2.4.2 and 5.2.4.3, n u trien t broth concentration was 0.8% while th a t 
of oatm eal was 0, 1 or 4%. In each conical flask containing 500 ml distilled water, 
the desired am ount of n u trien t broth and oatm eal and 2% agar were added. The 
medium was heated to boiling with constant agitation, autoclaved a t 121°C for 30 
min and poured into sterile petri plates in a lam inar flow cabinet.
5.2.3. The effects of pyrrolnitrin  on mycelial growth of Ph. cinnam om i and Py. 
u ltim u m .
Ph. cinnam om i were grown on various agar m edia (refer to 5.2.2) for 3 
days and Py. u ltim um  for 1 day a t 26°C.
P yrro ln itrin  is an antibiotic produced by Ps. cepacia 526 (refer to 1.3.2). 
Since pyrro ln itrin  is sensitive to atm light (Arima et al. 1965), th is experim ent 
was conducted in  a room w ith low in ten sity  fluorescent light. P y rro ln itrin  
crystals were provided by Mr. R. Rickards, Research School of Chem istry, ANU. 
A 200 pg/ml stock solution was made by dissolving 2 mg pyrro ln itrin  in  10 ml 
50% alcohol. This stock solution was fu rther diluted with 50% alcohol to obtain 
100, 50 and 10 pg/ml stock solutions. Conical flasks containing stock solution of 
various concentration were wrapped with alum inium  foil and stored a t 4°C.
B lank paper discs (1/4 inch diam eter, BBL) were dipped in pyrro ln itrin  
stock solutions of 200, 100, 50, 10 pg/ml for 5 min, respectively. Each paper disc 
contained 25 pi solution when satu rated . The paper discs were then  a ir dried in
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a lam inar flow cabinet for 15 min to evaporate the alcohol. After petri plates 
inoculated w ith Ph. cinnamomi were incubated for 3 days and those with Py. 
ultim um  were incubated for 1 day a t 26°C, three paper discs dipped in the same 
py rro ln itrin  stock solution were placed onto each petri p late 1 cm away from 
fungal colony. Paper discs dipped in both 50% alcohol and distilled w ater were 
used as controls. The plates were again incubated a t 26°C for 1 week and the size 
of the fungal growth inhibition zone was m easured. There were four replicates 
for each treatm ent.
5.2.4. Production of antibiotics by Ph. cinnamomi.
5.2.4.1. M ovement and reproduction of Ps. cepacia 526 along hyphae of Py. 
ultim um  and Ph. cinnamomi.
In the cu lture  experim ents in chap ter 4, it  was noted th a t when Py. 
ultim um  hyphae contacted the Ps. cepacia 526 colony, lysis of hyphae occurred 
and spread extensively away from the original bacterial colony. This did not 
occur with Ph. cinnamomi hyphae. This experim ent set out to fu rth er study if 
Ps. cepacia 526 movement occurs along the fungal hyphae.
Agar m edia described in 5.2.2. were used. Each agar plate was inoculated 
w ith  a 7 day old fungal plug of either Ph. cinnamomi or Py. ultimum. The petri 
p la te s  were incubated  a t 26°C for 1 day for Py. u ltim um , 3 days for Ph. 
cinnamomi. A 2 day old Ps. cepacia 526 n u trien t agar culture was then  used to 
inoculate each petri plate, with four spots directly contacting the fungal colony 
(Fig. 5.1). The petri plates were again incubated a t 26°C and exam ined daily for 
the movement of Ps. cepacia 526 along the fungal hyphae. This movement was 
visible because of the  fungal hyphal collapse accom panying presence of the 
bacterium  (Fig. 5.1). There were four replicates for each Ps. cepacia 526, fungus 
and medium combination.
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W hen the  movement of Ps. cepacia 526 along hyphae was visible, a 9 
square  m illim eter piece of agar was cut from the forefront of fungal hyphal 
collapse. The agar plug was m ounted on a m etal stub, plunged into liquid 
nitrogen slush at -230°C to rapidly freeze it. It was then quickly transferred  to the 
p reparation  cham ber of a Hexland CT1000 Cryostage attached  to a Cambridge 
S360 Scanning Electron Microscope (SEM). Coating of the sam ple w ith a 10 
nanom eter layer of gold was carried out in  the p reparation  cham ber a t -170°C. 
The specimen was then  transferred  to the viewing cham ber of the SEM, which 
was kept a t -170°C chamber tem perature by use of a liquid nitrogen-cooled stage. 
O bservation was carried out for the presence and distribution  of bacteria  and 
morphological changes in  the fungal hyphae.
5.2.4.2. Inhibition of Ps. cepacia 526 on agar media by Ph. cinnamomi and Py. 
ultim um .
Since it was found in experim ent 5.2.4.1 th a t Ps. cepacia 526 could quickly 
move and may also have reproduced along the hyphae of Py. ultim um  bu t not 
along th a t of Ph. cinnamomi, it was considered th a t Ps. cepacia 526 may have 
been chemically inhib ited  by Ph. cinnamomi, but not by Py. ultim um . T hat 
m ovem ent was affected by differences betw een the hyphal surface of the two 
fungi was considered less likely because of the taxonomic sim ilarity  betw een 
them .
This experim ent was designed to exam ine w hether Ph. cinnamomi and 
Py. u ltim um  can inh ib it Ps. cepacia 526 w ithou t d irect contact w ith  the 
bacterium . A m illipore filter paper disc (1.0 cm diam eter, 0.2 pm pore size, 
Millipore Corp., Bedford, MA) was found suitable for the study in a prelim inary 
experim ent. The millipore filter paper disc does not allow either the bacterium  or 
the fungi to grow through but allows the n u trien ts  to pass. W hen placed on agar
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media, the  millipore filter paper supported as good bacterial growth as did direct 
bacterial contact w ith the agar media.
Agar m edia described in 5.2.2. were used for th is experim ent. Each agar 
plate was inoculated with a 7 day old fungal plug of either Ph. cinnamomi or Py. 
ultim um . The petri plates were incubated a t 26°C for 1 day for Py. ultim um , and 
3 days for Ph. cinnamomi.
Three millipore filter paper discs were then  placed on top of e ither 1 day 
old Py. ultimum  colony or 3 day old Ph. cinnamomi colony in each petri plate. Ps. 
cepacia 526 suspensions (0.01 ml) expected to contain 10^, 10^, 10^ colony forming 
un its per m illiliter were then separately  dripped onto the center of each paper 
disc. Control tests  were made by inoculating bacterial suspensions onto paper 
discs placed on different agar m edia which had not been inoculated w ith the 
fungi. There were four replicates for each Ps. cepacia 526, fungus and medium 
combination. All plates were then incubated a t 26°C.
A fter 2 days incubation, the p lates were exam ined for the num bers of 
bacterial colonies on each paper disc. All plates were again incubated a t 26°C for 
5 days. The average diam eter of individual bacterial colonies on each paper disc 
were m easured  using a stereo microscope and a calibrated  m icro-ruler. Each 
paper disc on which bacteria l colonies grew was then  p u t in to  a te s t tube 
contain ing 10 ml d istilled w ater. The bacteria l colonies were w ashed off by 
vigorously shaking the test tube. The bacterial suspension obtained was serially 
diluted and plated out on n u trien t agar petri plates. The petri plates were then 
incubated  a t 26°C for 2 days and the num bers of bacteria  counted. The total 
bacterial population and the average population per colony on each paper disc 
were then  calculated.
To ensure  th a t  m axim um  b u t countable num bers of colonies were 
obtained, bacterial suspensions (0.01 ml each) of three concentrations (expected
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to contain lO^, 10^, 10^ cfu/ml) were used for inoculation onto three paper discs 
in  the sam e petri plate. However, the num bers of colonies, the average size of 
indiv idual bacteria l colonies and the average bacteria l population per colony 
were recorded only on paper discs th a t were inoculated w ith the sam e bacterial 
suspension  and produced *1C)1 colonies (usually  around 20 colonies) in  the 
controls.
5.2.4.3. Inh ib ition  of Ps. cepacia 526 on agar m edia by Ph. cinnam om i 
m etabolites (exudates).
This experim ent was to study if Ph. cinnam om i exuded an tib io tic  
m aterials into the agar media and the longevity of any antibiotics so produced.
Various agar m edia described in 5.2.2. were again used for th is test. The 
pH value of the agar medium in the petri plates were m easured w ith pH litm us 
papers. A piece of millipore filter paper (4.7 cm diam eter, 0.2 pm pore size, 
Millipore Corp., Bedford, MA) was placed onto the center of each agar plate. A 7 
day old fungal plug of Ph. cinnamomi was then  inoculated onto the center of the 
m illipore filter paper. A fter Ph. cinnamomi had grown for 3 days a t 26°C , 
w ithout growing over the millipore filter paper and contacting the agar plate, the 
millipore filter papers together w ith the fungal colonies were peeled off from the 
agar plates. Ps. cepacia 526 suspensions (0.01 ml) expected to contain 10^ , 10^, 
10^ colony forming units per m illiliter were then  separately spotted onto the area 
where Ph. cinnamomi had grown on the plate. The pH value of the agar where 
Ph. cinnamomi had  grown was m easured again. Control tests  were m ade by 
dripping bacterial suspensions onto different agar m edia w ith no previous Ph. 
cinnamomi growth. There were four replicates in th is test.
The num bers of bacteria l colonies and  the average size of individual 
bacterial colonies a t each spot were again recorded as described in the previous
section. The bacterial population per colony was not m easured  as i t  can be 
inferred from the size of individual bacterial colonies.
5.2 .4.4. The association of nu trien ts  with Ph. cinnamomi antibiotic production. 
This experim ent was conducted to evaluate the effects of various nu trien t
components on Ph. cinnamomi antibiotic production.
Five agar media used in this experim ent were as follows: 1) 0.8% nu trien t 
broth (pH 6.8); 2) 0.8% nu trien t broth with 1% D-glucose (pH 6.7); 3) 8 g nu trien t 
broth solids with 1.035 g KNO3 per liter (pH 6.7)1 4) 8 g nu trien t broth solids, 10 g 
D-glucose and 1.035 g KNO3 per liter (pH 6.7); and 5) 8 g n u trien t broth solids, 10 
g D-glucose, 1.035 g KNO3 and 100 pg thiam ine hydrochloride per liter (pH 6.7). 
The procedures of this experim ent were as described in 5.2 .4.2 .
5.2.4.5. Extraction and bioassay of possible antibiotics from Ph. cinnamomi liquid 
cu ltu re .
As inhibition of Ps. cepacia 526 by Ph. cinnamomi was observed in the 
previous experim ents, attem pts were made to isolate the possible antibiotics from 
Ph. cinnamomi liquid culture.
5.2.4.5.1. Culture of Ph. cinnamomi:
The liquid m edium  consisted of 0.8% n u tr ie n t broth  and 2% oatm eal, 
autoclaved a t 121°C for 30 min.
Five 2000 ml conical flasks, each containing 500 ml liquid medium, were 
each inoculated  w ith  th ree  7 day old 5 mm d iam eter agar plugs of P h . 
c in n a m o m i.  The flasks were placed on a ro ta ry  sh ak e r (150 rpm ) and 
m aintained at 26°C for 7 days. The liquid cultures were collected for extraction of
antibiotics.
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5.2.4.5.2. Extraction of antibiotics.
The procedures are described as follows:
Ph. cinnamomi liquid culture
centrifuged at 5000 rpm for 30 min at 4°C, and filtered through Whatman No 4
myce mm Supernatant
bioassayed 2100 ml
extracted three times, each with 700 ml diethyl ether 
leave to settle for 5 min
1
aqueous fraction diethyl ether extract
bioassayed
100 ml
bioassayed
rotary evaporation to dry at 32°C
bioassayed
5.2.4.5.3. Bioassays.
The an tib io tic  effects ag a in s t Ps. cepacia 526 of (a), the P h. 
cinnamomi mycelium; (b). the su p ern a tan t of the liquid culture; (c). the aqueous 
fraction an d  (d). the diethyl e th e r ex trac t were te sted  th rough  a series of 
bioassays.
Ph. cinnamomi mycelium was collected in  a conical flask and killed by 
adding 75% ethanol and leaving overnight. The dead mycelium was then  picked 
out, a ir d ried  to evaporate the ethanol and spread sparsely  on n u trien t agar 
plates. M illipore filter paper disc (1.0 cm diam eter, 0.2 pm pore size, Millipore 
Corp., Bedford, MA) were then placed onto the mycelium and 0.01 ml Ps. cepacia 
526 suspensions expected to contain 10^ , 10^, 10^ colony form ing un its  per 
m illilite r w ere spotted  onto each paper disc. The ethanol used to kill the 
mycelium was also tested  for possible extraction of antibiotic m aterials from the 
m ycelium .
The m ethods for the bioassay of the ethanol used to kill the mycelium, the 
su p e rn a tan t of the  liquid culture, the aqueous fraction and the diethyl e ther 
ex trac t w ere the  sam e. The su p e rn a ta n t of the liquid cu ltu re  was filtered 
th rough  a 0.2-pm m illipore filter before being tested . The dry diethyl e ther 
extract was dissolved in 21 ml diethyl ether. The diethyl e ther solution was then 
fu rth er d ilu ted  w ith diethyl e ther to obtain solutions as if  being obtained by 
dissolving the dry diethyl e ther extract in  210 ml or 2100 ml diethyl ether. The 
diethyl e th er ex tract was thus tested  a t th ree concentrations equivalent to the 
original liquid culture, 10 tim ejand 100 timq>concentrated solutions.
M illipore filter paper disc (1.0 cm diam eter, 0.2 pm pore size, Millipore 
Corp., Bedford, MA) were placed into the ethanol, the su p ern a tan t of the liquid 
culture, the aqueous fraction or the diethyl e ther ex tract solutions for 1 min. 
They were then  a ir dried to evaporate the ethanol, w ater or diethyl e ther before
being placed on e ith e r n u trien t agar p la tes or agar p lates contain ing  0.8% 
n u trien t broth and 2% oatmeal. Ps. cepacia 526 suspensions (0.01 ml) expected to 
contain 10^ , 10^, 10^ colony forming units per m illiliter were then spotted onto 
each paper disc.
For all bioassays, control tests were made by using sterile distilled water, 
75% ethano l or diethyl e ther, where applicable. A fter Ps. cepacia 526 was 
inoculated onto the millipore filter paper discs, all n u trien t agar p lates were 
incubated a t 26°C. The num bers of bacterial colonies and the average size of the 
individual colonies were recorded as described in 5.2.4.2.
5.2.4.6. Extraction of antibiotics from Ph. cinnamomi and Ps. cepacia 526 mixed 
liquid culture and from Ps. cepacia 526 liquid culture and the ir bioassays.
This experim ent was to examine if Ph. cinnamomi require the presence of 
Ps. cepacia 526 to induce its antibiotic production in liquid culture.
5.2.4.6.1. Culture of Ph. cinnamomi and Ps. cepacia 526:
The liquid medium consisting of 0.8% n u trien t broth and 2% oatm eal was 
again used.
Five 2000 ml conical flasks, each containing 500 ml liquid medium, were 
each inoculated w ith three 7 day old agar plugs of Ph. cinnamomi. At the same 
time, 1 ml Ps. cepacia 526 suspension (approxim ately 10^ cfu/ml) was added into 
each conical flask. Five control flasks were inoculated w ith Ps. cepacia 526 only. 
The flasks were placed on a rotary shaker (150 rpm) and m aintained a t 26°C for 7 
days. The liquid cultures were collected for extraction of antibiotics.
5.2.4.6.2. Extraction of antibiotics.
The Ph. cinnamomi and Ps. cepacia 526 mixed liquid culture and the Ps. 
cepacia  526 liquid cu ltu re  were collected separa te ly  for the ex tractions of 
antibiotics. The procedures for the extractions of antibiotics were exactly the 
same as described in 5.2.4.4.2.
5.2.4.6.3. Bioassays.
The antib iotic  effects ag ain st Ps. cepacia 526 of (a), the filtered  Ph. 
cinnam om i and Ps. cepacia 526 mixed liquid culture; (b). the diethyl e th e r 
ex tract of the Ph. cinnamomi and Ps. cepacia 526 mixed liquid culture; (c). the 
filtered Ps. cepacia 526 liquid culture; and (d). the diethyl e ther extract of the Ps. 
cepacia 526 liquid culture were tested. The methods for the bioassays were sam e 
as in  5.2.4.5.3, except th a t only the 100 tim e^concentrated diethyl ex tracts were 
tested. Controls used sterile distilled w ater and diethyl ether.
5.2.4.7. Inhibition of Ps. cepacia 526 in liquid culture by Ph. cinnamomi.
This experim ent was to study if  Ps. cepacia 526 was inhib ited  by Ph. 
cinnamomi in liquid culture and the effect of n u trien t composition.
Three liquid m edia were used for th is test, i.e. 0.8% n u trien t broth; 0.8% 
n u trien t broth w ith 1% oatm eal; and 0.8% n u trien t broth and 2% oatm eal. In 
each conical flask containing 500 ml distiled w ater, desired am ounts of n u trien t 
broth and oatm eal were added. The n u trien t suspensions were heated to boiling 
with constant agitation. Each 50 ml n u trien t suspension was then dispensed into 
a 100 ml conical flask, autoclaved a t 121°C for 30 min. The pH values of different 
liquid m edia were m easured before autoclaving.
Each conical flask containing 50 ml n u trien t suspension was inoculated 
w ith a 7 day old agar plug of Ph. cinnam om i. At the sam e tim e, 0.5 ml Ps. 
cepacia 526 of a 10^ cfu/ml broth suspension was added into the conical flask. 
Control flasks were inoculated w ith 0.5 ml Ps. cepacia 526 suspension only. 
There were th ree  rep licates for each combined n u trie n t bro th  and oatm eal 
suspension. The flasks were placed on a rotary shaker (150 rpm) and m ain tained  
a t 26°C for 7 days.
After 7 days, the Ps. cepacia 526 populations in various liquid m edia with 
or w ithout Ph. cinnam om i were counted by the serial dilution method. The pH 
values of the different liquid cultures were m easured again.
5.3. Results.
5.3.1. The effects of pyrrolnitrin  on mycelial growth of Ph. cinnam om i and Py. 
u ltim u m .
The plates were incubated at 26°C for a week and checked daily for the size 
of the  fungal growth inhibition zone. Both Ph. c innam om i and Py. u ltim um  
grew around the paper discs dipped in pyrrolnitrin  solutions as they did around 
the paper discs dipped in both 50% alcohol and distilled w ater control, with no 
growth inhibition zone existing. Pyrrolnitrin  tested  a t 200, 100, 50, 10 p.g/ml did 
not inhibit mycelial growth of either fungus.
5.3.2. M ovem ent and  reproduction of Ps. cepacia  526 along hyphae of Py. 
u ltim u m  and Ph. cinnamomi.
It was noted th a t Ps. cepacia 526 quickly moved along the hyphae of Py. 
ultim um  on all agar media tested (Fig. 5.1), with a average of 3 mm/day, but no 
bacterial movement occurred along hyphae of Ph. cinnam om i.
Scanning electron microscope observations (Fig. 5.2) showed th a t Ps. 
cepacia  526 were p resen t abundantly  on hyphae of Py. u ltim um . Infected Py. 
u ltim u m  hyphae became deformed or distorted  as bacteria  contacted them. In 
areas where movement had already occurred, Ps. cepacia 526 were so abundant 
th a t the hyphae of Py. u ltim um  were overgrown by the bacterium  and could not 
be seen. Py. u ltim um  hyphae in  the control p lates and Py. u ltim um  hyphae cut 
from the uninfected area in the Ps. cepacia 526 inoculated plates showed normal 
hyphal growth, w ith no bacterium  p resen t on them . These evidences again 
indicated th a t the bacterium  has moved and had almost certainly reproduced
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Fig. 5.1. M ovement of Ps. cepacia 526 along Py. ultimum  hyphae.
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Fig. 5.2. Ps. cepacia 526 was abundantly present along Py. ultimum  hyphae. Photos on 
left are of control plates and those on right are of inoculated plates.
along the hyphae of Py. ultimum. However, there was no Ps. cepacia 526 present 
on Ph. cinnamomi hyphae either in the control p lates or in  any area of the Ps. 
cepacia 526 inoculated plates.
5.3.3. Inhibition  of Ps. cepacia 526 on agar m edia by Ph. cinnamomi and Py. 
ultim um  and by Ph. cinnamomi m etabolites (exudates).
In these experim ents, reductions in the num bers of the bacterial colonies, 
the sizes of colonies and the average population per colony were used as the 
m easu rem en ts  of inh ib ition  of Ps. cepacia 526 by Ph. cinnamomi or by Py. 
ultim um .
Ph. cinnamomi inhibited Ps. cepacia 526, reducing the num bers of the 
bacterium  colonies, the sizes of colonies and the average population per colony 
(Table 5.1). D uncan 's m ultiple range te s ts  showed th a t Ph. cinnam om i had 
significantly inhib ited  the bacterium  on m edia containing oatm eal, although the 
fungus was ineffective on n u trien t agar w ithout oatmeal (Table 5.1).
Ph. cinnamomi m etabolites (exudates) also inhibited Ps. cepacia 526 by 
reducing the num bers of the bacterium  colonies, on m edia containing oatm eal 
b u t not on n u tr ie n t agar w ithout oatm eal. However, a fte r a fu r th e r 5 day 
incubation , Ps. cepacia 526 colonies grew to a sim ilar size regardless of the 
trea tm en t (Table 5.2). The pH of the agar m edia as indicated with litm us papers 
was not altered  by the presence of Ph. cinnamomi.
Py. u ltim um , on the o ther hand, did not inhibit Ps. cepacia 526 on any 
m edia te sted  (Table 5.3). The sizes of the Ps. cepacia 526 colonies were not 
m easurable after 5 day fu rther incubation, because the m argins of the bacterial 
colonies became unclear due to the quick bacterial movem ent towards the Py. 
u ltim u m  hyphae outside the m illipore filter paper discs. This was distinctly 
different from the characteristics of the Ps. cepacia 526 colonies in the presence 
of Ph. cinnam om i where the bacteria l colonies rem ained  w ith well defined
m argins. This may ind ica te  a chem otaxis of the bacterium  tow ards the Py. 
ultim um  hyphae.
5.3.4. The association of nu trien ts  with Ph. cinnamomi antibiotic production.
The resu lt (Table 5.4) showed th a t Ph. cinnamomi inhibited Ps. cepacia 
526 sign ifican tly  only on the  ag ar m edium  con tain ing  100 pg th iam ine  
hydrochloride per liter. In  term s of colony size and colony density, the growth of 
Ph. cinnamomi was not influenced by thiam ine hydrochloride.
5.3.5. Extraction of antibiotic m ateria l from Ph. cinnamomi liquid culture and 
the bioassays.
The resu lts of the bioassays are shown in Tables 5.5. and 5.6. None of the 
fractions i n c l u d in j* ^ ^  cinnam om i -dgs^-m ycelium , the m ycelium ethanol 
extract, the filtered Ph. cinnamomi liquid culture, the aqueous fraction of the 
liquid cu lture, and the diethyl e ther ex tract of the liquid culture a t various 
concentrations inh ib ited  Ps. cepacia 526. The bacterium  grew equally well on 
both n u trien t agar and oatm eal agar.
The in itia l pH of the liquid m edium for cu ltu ring  Ph. cinnamomi was 
6.57. After Ph. cinnamomi was cultured for 7 days, the pH of the liquid culture 
became 4.45.
5.3.6. Extraction of antibiotics from Ph. cinnamomi and Ps. cepacia 526 mixed 
liquid culture and from Ps. cepacia 526 liquid culture and their bioassays.
The resu lts  of the  bioassays are shown in Table 5.7. Duncan's m ultiple 
range te s t showed th a t  n e ith e r filtered Ph. cinnam om i and Ps. cepacia 526 
mixed culture, nor the filtered Ps. cepacia 526 liquid culture, nor the 100 time 
concentrated  diethyl e th e r ex trac ts  of these two liquid cu ltu res showed any 
inhibition  on Ps. cepacia 526. The bacterium  again did not show difference in 
growth when grown on n u trien t and oatm eal agars.
Table 5.1. Inhibition of Ps. cepacia 526 on agar media by Ph. cinnamomi.
Agar media No. of colonies Colony diam. (mm) Population (cfu/colony)
(0*N B ) Control Ph. cinnamomi Control Ph. cinnamomi Control Ph. cinnamomi
0%*0.8% 22 a 21 a 1.05 a 1.05 a 4.9*107 a 4.8*107 a
1%*0.8% 24 a 14 b 1.02 a 0.27 b 4.8*107 a 1.4*107 b
4%*0.8% 23 a 12 b 1.05 a 0.24 b 5.0*107 a 5.0*106 c
0*NB = O atm eal*N utrient Broth.
Values are m eans of four replicate plates. Means of the same na tu re  followed by 
the sam e le tte r  are not significantly different according to D uncan's m ultiple 
range test a t P<0.01; CV = 8.3%.
Table 5.2. Inhib ition  of Ps. cepacia 526 on agar m edia by Ph. c innam om i 
m etabolites (exudates).
Agar m edia 
(O N B) Control
Num ber of colonies 
Ph. cinnamomi
Colony diam. (mm) 
Control Ph. cinnamomi
0%*0.8% 15a 16a 1.2a 1.2a
1%*0.8% 16a 8b 1.2a 1.15a
4%*0.8% 15a 7b 1.2a 1.2a
0*NB = Oatm eal*N utrient Broth.
V alues are m eans of four replicate p lates. M eans of the sam e n a tu re  
followed by the same le tte r are not significantly different according to Duncan's 
multiple range test a t PcO.Ol; CV = 10.9%.
Table 5.3. Effect of Py. ultimum  on Ps. cepacia 526 on agar media.
Agar media N um ber of colonies
(0*NB) Control Py. ultim um
0%*0.8% 22 23
1%*0.8% 24 22
4%*0.8% 23 22
0*NB = O atm eal*N utrient Broth.
Values are m eans of four replicate plates.
Table 5.4. Inhibition of Ps. cepacia 526 on agar media by Ph. cinnamomi.
Agar media Number of colonies Mean size of single colony (mm)
Control Ph. cinnamomi Control Ph. cinnamomi
NB 19a 16a 1.56a 1.56a
NB*G 20a 17a 1.53a 1.55a
n b *k n o 3 18a 19a 1.55a 1.55a
n b *g *k n o 3 7a 17a 1.48a 1.53a
n b *g *k n o 3*t 20a 8b 1.54a 0.35b
NB =N utrien t Broth; G=Glucose; T=Thiamine hydrochloride.
Values are m eans of four replicate plates. Means of the sam e na tu re  followed 
by the sam e le tte r  are not significantly  d ifferent according to D uncan 's 
multiple range test a t P<0.01; CV = 6.9%.
1 1 2
Table 5.5. Effect of Ph. cinnamomi fractions on Ps. cepacia 526 on agar media.
Treatment M easurem ents on NA 
No. of colonies Colony diam. (mm)
M easurements on OMA 
No. of colonies Colony diam.(mm)
Control 21 1.23 22 1.21
E ther control 21 1.21 19 1.21
Filtered liquid culture 18 1.25 20 1.19
Aqueous fraction 23 1.19 18 1.26
Ether extract 22 1.23 20 1.18
Ether extract
(10 tim ejconcentrated) 24 1.18 19 1.30
Ether extract
(100 tim eiconcentrated) 22 1.26 24 1.18
Table 5.6. Effect of Ph. cinnamomi fractions on Ps. cepacia 526 on agar media.
Treatm ent M easurem ents on NA M easurements on OMA
No. of colonies Colony diam. (mm) No. of colonies Colony diam.(mm)
Control 15 1.23 14 1.30
Ethanol control 11 1.25 14 1.22
Dead mycelium 12 1.19 12 1.23
Mycelium ethanol
extract 12 1.20 13 1.26
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Table 5.7. Effects of the Ph. cinnamomi and Ps. cepacia 526 mix culture and its 
extract on Ps. cepacia 526 on agar media.
T reatm ent M easurem ents on NA M easu rem ents on OMA
No. o f colonies Colony diam . (mm) N o. o f colonies C olony diam .(m m )
Control 13 0.98 11 1.04
E ther control 10 1.12 10 1.00
F iltered  liquid culture of
Ph. c inn am om i &Ps. cepacia  526 12 1.05 9 1.00
Filtered liquid culture
of Ps. cepacia  526 10 0.97 9 1.13
E ther extract o f m ixed cultur^of
Ph. cinnam om i & Ps. cepacia  526 11 1.06 10 0.99
E ther extract o f culturejof
Ps. cepacia  526 11 1.08 11 1.04
Table 5.8. Inhibition ofPs. cepacia 526 by Ph. cinnamomi in liquid media.
Agar media (0*NB) Control Ph. cinnamomi
0%*0.8% (pH6.9) 4.98*109a (pH7.4) 4.25*109a (pH7.3)
1%*0.8% (pH6.9) 4.59*109a (pH7.5) 4.35*109a (pH7.4)
2%*0.8% (pH6.8) 4.25*109a (pH7.5) 1.40*10^ (pH4.8)
0*NB = Oatm eal*Nutrient Broth.
Values are m eans of three replicate flasks (cfu/ml). M eans followed by the same 
le tte r are not significantly different according to D uncan’s m ultiple range test a t 
P<0.01; CV = 14.4%.
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5.3.7. The inhibition of Ps. cepacia 526 in liquid culture by Ph. cinnamomi.
A fter 7 days incubation, the Ps. cepacia 526 populations in both Ph. 
cinnamomi and Ps. cepacia 526 mixed culture and in Ps. cepacia 526 culture in 
different m edia were m easured by serial dilution and p lating  out on n u trien t 
agar. I t was found by D uncan's m ultiple range te st th a t Ps. cepacia 526 was 
significantly (P=0.05) inhibited by Ph. cinnamomi in liquid medium containing 
0.8% n u trien t broth  and 2% oatm eal, bu t not in m edia containing 0.8% n u trien t 
broth or 0.8% n u trien t broth plus 1% oatmeal (Table 5.8).
The in itia l pH values of the different liquid m edia and th a t of the liquid 
cultures were m easured (Table 5.8).
5.4. Discussion and Conclusion.
The resu lts  presented in  chap ter 3 showed th a t the in teraction  in  soil 
betw een Py. ultimum  and Ps. cepacia 526 was different from th a t between Ph. 
cinnamomi and the  bacterium . This was confirmed by resu lts from the culture 
experim ents (C hapter 4) which also showed th a t the inhibition by Ps. cepacia 526 
of Ph. cinnamomi was influenced by the n u trien t composition w hereas th a t of 
Py. u ltim um  was not. It was therefore likely th a t Ph. cinnam om i and Py. 
ultimum  may vary in their reactions to Ps. cepacia 526 antagonism^. It was also 
indicated th a t Ps. cepacia 526 produced different antibiotics differentially active 
again st Py. ultim um  and Ph. cinnamomi. Experim ents in th is chap ter were 
thus concentrated on the reactions of Ph. cinnamomi and Py. ultim um  to Ps. 
cepacia 526. The effects of pyrrolnitrin, an antibiotic produced by Ps. cepacia 526, 
on Ph. cinnamomi and Py. ultim um  were also studied.
P y rro ln itrin  is stable in  agar m edia for several days (M r R. R ickards, 
personal communications) but, in  the plate assay, did not inh ib it the growth of 
e ith e r  fungus. Thus, p y rro ln itr in  was probably not responsib le  for th e
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antagonistic effects of Ps. cepacia 526 reported in chapter 4. The results also cast 
doubt upon the role of pyrrolnitrin  in  the biological control by Ps. cepacia 526 of 
tu rn ip  dam ping-o ff caused  by Py. u ltim u m  in  soil (C h ap ter 3). The 
ineffectiveness of pyrrolnitrin  against Py. ultimum  agrees w ith a previous report 
(Howell & Stipanovic 1979).
Exce p t for p y rro ln itrin , Ps. cepacia 526 is also known to produce 
/ /?  C Lofc(
am inopyrrolnitrin and xylocandin (Hebbar 1986, Dr P.J. D art & Mr R. Rickards, 
p ersonal com m unications). U n fo rtu n a te ly , n e ith e r am in o p y rro ln itrin  nor 
xylocandin was available for test. W hether Ps. cepacia 526 produced more than  
one antibiotic differentially inhibitory against Py. ultimum  and Ph. cinnamomi 
is not finally resolved.
Experim ents were then  concentrated on the effects of Ph. cinnamomi and 
Py. ultimum  on the bacterium . It was found th a t Ps. cepacia 526 quickly moved 
along the  hyphae of Py. u ltim u m  bu t not those of Ph. cinnam om i. An 
explanation, th a t the hyphal surface of Py. ultimum  was physically suitable for 
the m ovem ent and reproduction of Ps. cepacia 526 bu t th a t of Ph. cinnamomi 
was not, was considered unlikely because of the taxonomic sim ilarity  between 
Ph. cinnamomi and Py. ultim um . It was more likely th a t Ps. cepacia 526 was 
chemically inhibited  by Ph. cinnamomi, but not by Py. ultimum. A stim ulatory 
effect on Ps. cepacia 526 by Py. ultimum  may have existed.
Experim ents showed inhibition of Ps. cepacia 526 by Ph. cinnamomi and 
its m etabolites on agar m edia containing oatm eal, bu t no inhibition occurred on 
agar m edia w ithout oatmeal. As there were no changes in the pH of agar media, 
Ph. cinnamomi did not inh ib it the bacterium  growth by changing the medium 
pH. Inhib ition  of Ps. cepacia 526 by the production of an tib io tics by Ph. 
c in n a m o m i  therefore  rem ains likely. T h a t Ph. cinnam om i m etab o lite s
(exudates) failed to inhibit Ps. cepacia 526 after 5 day*further incubation suggests 
th a t the antibiotics were short-lived.
Oatm eal has consistently shown an effect on the interactions between Ph. 
cinnamomi and Ps. cepacia 526 (C hapter 4). In the experim ents of th is chapter, 
the presence of oatm eal resu lted  in the inhibition  of Ps. cepacia 526 by Ph. 
cinnam om i, suggesting th a t the differences in n u trien t compositions betw een 
oatm eal and n u trien t broth affected the antibiotic production by Ph. cinnamomi.
Although the  precise n u trien t components of oatm eal are not known, it 
contains more carbohydrates than  does n u trien t broth, which is of anim al origin 
and consists of beef ex tract and Bacto-peptone (Difco Laboratories 1971). The 
h igher carbohydrate  content was considered to be possibly significant. An 
experim ent conducted to study the effects of various n u trien t components on Ph. 
cinnam om i antib io tic production, however, revealed th a t th iam ine  was the 
essential component, virtually absent in nu trien t broth (Difco Laboratories 1971).
Py. ultim um  caused no inhibition of the growth of Ps. cepacia 526 on any 
m edia tested. On the other hand, Ps. cepacia 526 tended to move toward the Py. 
u ltim u m  colonies outside the m illipore filte r paper discs. This m ay have 
indicated a chemical attraction  from the fungus.
Dr G.A. Chilvers (personal com m unication) suggested th a t the effect of 
oatm eal m ight be attribu ted  to a thicker mycelial m at between the media and the 
m illipore filter paper providing a b a rrie r to bacteria . This can, however, be 
excluded for three reasons. The first is th a t the 3 day old fungal colonies were 
equally sparse  on both m edium  types when the bacterium  was inoculated, 
although the fungal colonies on oatm eal n u trien t broth agar did become denser 
after Ph. cinnamomi grew over the whole p late, norm ally after 7 days. The 
second is th a t Ph. cinnamomi colonies were equally dense on m edia w ith or 
w ithou t th iam in e  yet the  in h ib itio n  occurred only in th iam ine-am ended
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m edium . The th ird  is th a t  Py. u ltim um  grew much more densely th an  Ph. 
cinnamomi on any media used yet did not inhibit Ps. cepacia 526.
A ttem pts to isolate antib io tics from Ph. cinnam om i liquid  cu ltu res 
d isappo in ting ly  failed. N e ith e r £ h . cinnam om i -dead m ycelium , nor the 
mycelium ethanol extract, nor the filtered Ph. cinnamomi liquid culture, nor the 
aqueous fraction of the liquid cu lture , nor diethyl e th er ex tract of the liquid 
culture a t various concentrations showed any inhibition of Ps. cepacia 526. The 
sam e re su lts  ob ta ined  from ex p erim en t to iso la te  an tib io tics  from P h. 
cinnam om i and Ps. cepacia 526 mixed liquid cultures excluded the possibility 
th a t Ps. cepacia 526 was needed to induce Ph. cinnamomi antibiotic production. 
The population of Ps. cepacia 526 was, however, reduced by Ph. cinnamomi in 
the liquid culture containing 2% oatmeal.
The m echanism s by which Ph. cinnamomi inhibited Ps. cepacia 526 may 
have been different on agar m edia and in liquid media. For exam ple, for Ph. 
cinnamomi to effectively inhibit Ps. cepacia 526, 2% oatm eal was required for the 
liquid m edia but only 1% for agar m edia in experim ents reported in this chapter 
and in chapter 4.
It seems evident th a t the inhibition on agar m edia was antibiotic related 
and th a t antibiotic production by Ph. cinnamomi was related  to the presence of 
th iam ine. There was no pH change by Ph. cinnam om i on agar m edia so Ps. 
cepacia 526 was unlikely to have been inhib ited  th rough m edia pH change. 
Furtherm ore, any pH hypothesis does not accord with the evidence on the role of 
th iam ine .
The liquid culture experim ents rem ain to be discussed. There could be 
m any exp lanations for the  population reduction of Ps. cepacia 526 by Ph. 
cinnamomi in the liquid cultures. Firstly, Ph. cinnamomi m ight be able to grow 
efficiently a t high nu trien t levels even when accompanied by the bacterium . This
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was supported by the results in chapter 4 showing th a t Ph. cinnamomi was able 
to overcome the antibiotic effect of Ps. cepacia 526 cell free filtra te  to grow 
efficiently in  liquid m edia of high n u trien t concentrations. Secondly, the  pH 
changes in the liquid media may have played roles in the population reduction of 
Ps. cepacia 526. Any effect of changes in pH of the liquid medium caused by the 
growth of the fungus, however, is unlikely to be of prim ary significance because 
the  fungus would need to have grown significantly  in  the presence of the 
bacterium  before pH change could have been induced. Thirdly, Ph. cinnamomi 
m ay have produced short-lived antibiotics in liquid m edium as it did on agar 
media. A combination of the first and the second explanations or the first and the 
th ird  may approximate the tru th  .
CHAPTER 6. THE GROWTH AND REPRODUCTION OF PHYTOPHTHORA
CINNAMOMI AND PYTHIUM ULTIMUM AND THE EFFECTS 
OF PSEUDOMONAS CEPACIA 526
6.1. Introduction.
The resu lts  in  chap ter 3 showed th a t Ph. cinnam om i caused tu rn ip  
damping-off and reduced the p lan t weight only a t 0 kPa, and reduced the p lant 
root w eight a t soil m atric  po ten tia ls  betw een 0 and  -5.0 kPa in the  high 
tem peratu re  glasshouse, bu t the  same fungus in  the constant lower tem perature 
room caused damping-off, reduced the p lan t weight and the p lant root weight a t 
all soil m atric  p o ten tia ls  tested . A d irect association betw een the disease 
incidence and  the  soil te m p e ra tu re  and m atric  p o ten tia ls  was therefo re  
estab lished . One aspect of the  im portance of soil tem p era tu re  and m atric  
potentials in  the disease incidence re la tes to the p lan t predisposition, already 
d iscussed  in  c h ap te r 3. A lte rna tive ly , th e  soil tem p e ra tu re s  and m atric  
potentials may have directly affected the pathogen. The high tem peratu res of 
soils a t the lower m atric potentials in the glasshouse may have inactivated  the 
pa thogen  and  consequen tly  reduced  the  d isease, w hereas the su itab le  
tem peratures in the room favoured the pathogen and consequently increased the 
disease.
Both m ycelium  and zoospores of Ph. cinnam om i may be involved in 
infection of plants (Marx & B ryan 1969, M alajczuk & Theodorou 1979). It is likely 
th a t the soil tem perature  and the m atric potential affected the disease incidence 
through the ir direct influences on Ph. cinnamomi in e ither its mycelial growth, 
or its  sporangial production and zoospore release, or both, in the glasshouse and 
in  the constant tem peratu re  room. This chapter reports resu lts  of experim ents
w hich exam ined the  sporangial production and zoospore re lease  by P h . 
cinnam om i in  soils a t various soil m atric potentials.
A p lan t fungal pathogen usually  produced several morphologically and 
functionally different stages in its life cycle. A potential .plant dioeaoo biological 
control m icroorganism  may significantly  affect the grow th, production and 
conversion of spores, sap rophy tism  and  su rv iva l of the  pathogen , and 
consequently in  the diseases it causes. Disease control by such a microorganism 
may have resu lted  from its  antagonism  e ither to a specific stage or to the whole 
life cycle of the pathogen. U nderstanding  such effects by the microorganism is 
therefore im portan t for its successful application and, in the case of failure of 
controlling the disease, for the explanation of its ineffectiveness and for the 
im provem ent of fu rther application.
In chap ter 3, it was shown th a t Pseudom onas cepacia  526 effectively
reduced dam ping-off caused by P yth ium  u ltim u m , bufvthat by P hytoph thora
c in n a m o m i in soil. Experim ents reported in chapters 4 & 5 showed th a t Ph.
cinnam om i was able to produce antibiotics which inhib ited  the growth of Ps.
cepacia  526, and therefore suggested why Ps. cepacia 526 was effective in the
biological control of disease caused by Py. u ltim um  bu t ineffective in controlling
disease caused by Ph. cinnamomi. However, such evidence is not conclusive due
to the  differences betw een the  a rtific ia l cu ltu re  and soil conditions. More
is
evidence^ thus desirable. This chap ter reports experim ents conducted in  
vitro  and in soil to examine fu rther the direct effects of Ps. cepacia 526 on Ph. 
cinnam om i mycelial growth, sporangial production and zoospore release, and on 
Py. u ltim um  mycelial growth.
Ph. cinnam om i produces four spore stages including sporangia, zoospore, 
chlam ydospores and oospores in soil (Zentm yer 1980), bu t it does not normally 
produce sporangia and release zoospores on agar m edia (M anning & Crossan
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1966, Chen & Zentm yer 1970). However, a method to produce sporangia and 
zoospores in axenic culture has been developed (Chen & Zentm yer 1970). Ph. 
c in n a m o m i m ycelial m ats are w ashed w ith a sterile  m ineral sa lt solution 
am ended w ith chelated  iron solution so th a t large num ber of sporangia are 
obtained. The sporangia-bearing mycelial m ats are chilled a t 4°C for 20 m in and 
then  re tu rned  to 24-26°C. Sporangia release zoospores w ithin 1 h after chilling. 
This method has been routinely used for the genetic studies of Ph. cinnamomi in 
the Research School of Biological Science, ANU. I have also successfully obtained 
large num ber of sporang ia  and zoospores by th is  m ethod using  th e  P h. 
cinnamomi isolate studied throughout this thesis.
The m ethod is often modified and used to study the  effects of soil 
m icroorganism ^ on the  sporangial production and zoospore re lease  by Ph. 
c innam om i. The modified m ethod uses soil leachates or suspension of soil 
m icroorganism , in s tead  of the s terile  m ineral sa lt solution am ended with 
chelated iron solution.
Bacteria in soil leachates were found to be associated with form ation and 
breakdown of sporangia in Phytophthora  spp., including Ph. cinnamomi (Ayers 
& Zentm yer 1971, Broadbent & Baker 1974, Chee & Newhook 1966, M anning & 
G rossan 1966, Zentm yer 1965). C ultu re  filtra tes  of the  m ycorrhizal fungus 
Leucopaxillus cerealis var. piceina slowed the growth of Ph. cinnamomi and 
com pletely inh ib ited  zoospore germ ination  (M arx 1969). Suppression of Ph. 
cinnam om i in soil has been shown to be associated w ith soil m icroorganism s 
which accum ulated  on the fungal propagules and resu lted  in  hyphal lysis, 
sporangium  abortion and reduced germ ination (Malajczuk et al. 1977, M alajczuk 
1979, M alajczuk & Theodorou 1979, M alajczuk 1988, M urray 1987). In  the 
experim ents of th is  chap ter, the modified m ethod was used, u tiliz ing  both
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artificial m edia and non-sterile soil so th a t the results can be compared and the 
conclusion m ade more convincing.
Py. u ltim um  produces sporangia, chlam ydospores and oospores, bu t 
rare ly  zoospores (D rechsler 1946, H endrix & Cam pbell 1973). Mycelium and 
sporangia are im portan t in p lan t infection, w ith the la tte r  usually  produces 
germ tubes, and both are affected by soil m icroorganism s (Howell 1981,Howell
1982, Howell & Stipanovic 1980, Howell & Stipanovic 1983, Lifshitz & Hancock
1983, Lifshitz & Hancock 1984, Nelson et al. 1986). However, since Py. ultimum  
commonly produces sporangia on agar m edia and in soil, Ps. cepacia 526 was not 
tested  for its  effect on the sporangial production of Py. u ltim um , due to the 
unavailability  of sporangium -free mycelial mats.
6.2. Materials and Methods.
6.2.1. Effects of Ps. cepacia 526 and soil leachate on sporangial production and 
zoospore release by Ph. cinnamomi in artificial media.
V-8 agar medium was used for the culture of Ph. cinnamomi. A piece of 
polycarbonate m em brane (4.7 cm diam eter, 8 pm pore size, Nucleopore Corp., 
P leasanton, Ca.) was placed on the surface of the V-8 agar plate. A 7 day old 
fungal plug of Ph. cinnam om i was then  inoculated  onto the cen ter of the 
polycarbonate membrane. The plates were incubated for 7 days a t 26°C to allow 
the form ation of a mycelial m at over the m embrane.
A Ps. cepacia 526 n u trien t suspension of 1.5*10^ was p repared  by the 
m ethod described in 2.2.2. A Ps. cepacia 526 cell free filtra te  was obtained by 
centrifuging the bacterial suspension (5000 g for 30 min a t 4°C; Sorvall RC-5B 
Refrigerated Superspeed Centrifuge) and filtering the su p ern a tan t through a 0.2 
pm pore size filter (Millipore Corp., Bedford, MA) under sterile condition. A soil 
leachate was prepared by placing 10 g soil into 1000 ml distilled water, shaking at
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200 rpm  for one hour, and filtering the suspension through a W hatm an No. 4 
filter paper. Sterile soil leachate was prepared by autoclaving the soil leachate a t 
121°C for 30 min. These suspensions were dispensed into 9 cm diam eter petri 
p lates (20 ml each) and exam ined for th e ir effects on sporangial production and 
zoospore release by Ph. cinnamomi. T rea tm en ts included: 1) sterile  distilled  
w ater (20 ml), 2) sterile soil leachate (20 ml), 3) soil leachate (20 ml), 4) Ps. cepacia 
526 suspension  (18 ml sterile  d istilled  w ater plus 2 ml Ps. cepacia 526 
suspension), 5) Ps. cepacia 526 filtrate  (18 ml sterile distilled w ater plus 2 ml Ps. 
cepacia 526 filtrate), 6) sterile soil leachate and P s. cepacia 526 suspension (18 ml 
sterile soil leachate plus 2 ml Ps. cepacia 526 suspension), and 7) soil leachate 
and Ps. cepacia 526 suspension (18 ml soil leachate plus 2 ml Ps. cepacia 526 
suspension).
After Ph. cinnamomi was cultured for 7 days, the m em branes were peeled 
from the agar p lates, with the hyphae having penetrated  the pores and become 
a tta ch ed  to the  surface. One m em brane was im m ediately  m ounted  on a 
microscope slide and no sporangial production was observed a t th is stage. The 
other m em branes were placed into petri plates containing 20 ml of the different 
suspensions listed above, one m em brane in each petri plate with three replicates 
for each suspension. The petri p lates were incubated for 8 days a t 26°C. The 
m em branes were recovered from the petri p lates and m ounted on microscope 
slides. Total num bers of sporang ia  on each m em brane were e s tim ated  by 
random  inspections of 10 microscopic fields a t xlOO magnification.
Im m ed ia te ly  a f te r  the  ex am in a tio n  of sp o ran g ia l p roduction , the  
m em branes were again pu t back and im m ersed in the suspensions where they 
had been treated  and chilled a t 4°C for 30 min. They were then incubated a t 26°C. 
The m em branes w ere recovered from the  p e tri p la te s  and  m oun ted  on 
microscope slides. The to tal num bers of sporangia th a t released zoospores on
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each m em brane were estim ated by random inspections of 10 microscopic fields a t 
xlOO magnification after 1.5 h, 6 h, 24 h and 48 h incubation a t 26°C.
6.2.2. Sporangial production and zoospore release by Ph. cinnamomi and the 
effects of Ps. cepacia 526 a t various soil m atric potentials.
Soil m atric potentials were controlled a t 0, -1.5, -3.0, -5.0 and -10.0 kPa in 
the co n stan t tem p era tu re  room using  the  m ethod described in  3.2.2. P h. 
cinnamomi mycelial m ats (7 day old) supported by the polycarbonate m em brane 
were ob ta ined  using  the  m ethod described above in  section 6.2.1. These 
m em branes were placed on the surfaces of the soil in the Buchner funnels, w ith 
one m em brane in  each funnel. The m em branes w ere covered w ith  an  
approxim ately 1 cm layer of soil. Ps. cepacia 526 n u trien t broth suspension (5 ml 
contain ing 1.2*10^ cfu/ml) was then  sprayed into each B uchner funnel. More 
w ater was sprayed into each Buchner funnel to sa tu ra te  the soil so th a t the 
bacteria  were drained into the soil uniformly during the quick process of w ater 
equilibrium^ An equal am ount of n u trien t broth w ithout Ps. cepacia 526 was 
sprayed into each control Buchner funnel. There were three replicates for each 
treatm ent.
After 7 days, the m em branes were recovered from the B uchner funnels 
and rinsed in  sterile distilled w ater to remove the soil particles. They were then  
m ounted on microscope slides. Total num bers of sporangia and the num bers of 
sporangia th a t released zoospores on each m em brane were estim ated by random  
inspections of 10 microscopic fields a t xlOO magnification.
6.2.3. The mycelial growth of Ph. cinnamomi and Pythium  ultim um  and  the 
effects of Ps. cepacia 526 at various soil m atric potentials.
Soil m atric potentials were controlled a t 0, -1.5, -3.0 kPa in the constant 
tem peratu re  room. Mycelial m ats of 7 day old of both Ph. cinnamomi and Py. 
ultim um  supported by the polycarbonate m em brane were obtained using method
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as described above in section 6.2.1. A n u trien t suspension containing 1.7*10^ 
cfu/ml Ps. cepacia 526 was prepared  and used in  th is test. The application of 
fungal mycelial m ats and Ps. cepacia 526 n u trien t broth  suspension and the 
control used were as described above in section 6.2.2. There were three replicates 
for each treatm ent.
After 7 days, the m em branes were recovered from the Buchner funnels 
and rinsed in sterile  distilled w ater to remove the soil particles. The mycelial 
m ats were stained  with filtered aniline blue solution (5% aqueous phenol 15 ml : 
1% aqueous aniline blue 1 ml : glacial acetic acid 4 ml) for 10 min, and then 
rapidly washed and dehydrated in 95% ethanol (Jones & Mollison 1948, N esbitt et 
al. 1979). The mycelial m ats were then  m ounted on microscope slides and 
exam ined a t xlOO m agnification with a calibrated cross-hatched grid consisting 
of 100 in tersections. At each intersection, hyphae th a t were stained  blue were 
determ ined as living and hyphae th a t were unstained  were determ ined as lysed. 
Random inspections of 10 microscopic fields were made for each m em brane of 
the three replicates.
6.3. Results.
6.3.1. The effects of Ps. cepacia 526 and soil leachate on sporangial production 
and zoospore release by Ph. cinnamomi in artificial media.
After the polycarbonate m em branes were recovered from the petri plates 
and m ounted on microscope slides, the to ta l num bers of sporangia on each 
m em brane were estim ated by random  inspections of 10 microscopic fields a t xlOO 
magnification. Ph. cinnamomi was able to form sporangia in all treatm ents. The 
resu lts  analyzed by analysis of variance showed th e re  were no differences 
betw een the  tre a tm en ts , includ ing  sterile  d istilled  w ater (Table 6.1). This 
ind icated  th a t  Ps. cepacia 526 in  th is te s t had no effect on Ph. cinnam om i
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sporangial production. Chilling the sporangia formed in all trea tm en ts a t 4°C for 
30 m in failed to induce any zoospore release.
6.3.2. The sporangial production and zoospore release by Ph. cinnamomi and the 
effects ofPs. cepacia 526 at various soil m atric potentials.
A fter the  m em branes were recovered from the B uchner funnels and 
rinsed in sterile distilled w ater to remove the soil particles, they were m ounted on 
microscope slides. The to tal num bers of sporangia and the num bers of sporangia 
th a t  re leased  zoospores on each m em brane w ere e s tim a ted  by random  
inspections of 10 microscopic fields a t xlOO m agnification. The resu lts  was 
analyzed by analysis of variance. Ph. cinnamomi only produced sporangia in 
sa tu ra ted  soil (Fig. 6.1). Most of the sporangia so produced released zoospores. 
Sporangial production and zoospore release were not affected by the addition of 
Ps. cepacia 526 in the soil.
6.3.3. The mycelial grow th of Ph. cinnamomi and Pythium  ultim um  and the 
effects ofPs. cepacia 526 a t various soil m atric potentials.
The m em branes sup p o rtin g  e ith e r Ph. cinnam om i or Py. u ltim um  
m ycelial m ats w ere recovered from the B uchner funnels, rinsed  in  sterile  
distilled w ater to remove the soil particles and stained with filtered aniline blue 
solution. The m ycelial m ats  were th en  m ounted on microscope slides and 
exam ined for the hyphal lysis. The resu lts were recorded as percentage of lysis. 
It was found th a t hyphal lysis occurred in both Ph. cinnamomi and Py. ultimum  
( Figures 6.2 & 6.3) and was not affected by the soil m atric potentials tested. The 
addition of Ps. cepacia 526 in  soil significantly increased hyphal lysis of Py. 
ultim um  (Fig. 6.4) b u t had no effect on th a t of Ph. cinnamomi (Fig 6.5). There 
was no in te rac tion  betw een the effects of Ps. cepacia 526 and soil m atric  
potentials tested.
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Table 6.1 Effects of Ps. cepacia 526 and soil leachate on Ph. cinnam om i 
sporangium  production.
T reatm ents No. of sporangia^/ 10 microscopic fields
Sterile distilled w ater 239 a
Sterile soil leachate 264 a
Soil leachate 276 a
Ps. cepacia 526 256 a
Ps. cepacia 526 filtrate 286 a
Sterile soil leachate+Ps. cepacia 526 249 a
Soil leachate+Ps. cepacia 526 282 a
^N um bers are m eans of three replicates
*****a n a l y s is  OF VARIANCE*****
V ariate: In (sporangia/10 microscopic fields)
Source of variation DF SS SS% MS VR
T reatm ents 6 15.32 36.04 2.56 1.32
Residual 14 27.19 63.96 1.94
Total 20 42.51 100 2.13
SE=0.3610, CV%=13.2
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Fig. 6.1. Ph. cinnamomi sporangium  production and the effect of Ps. cepacia 526 
a t various soil m atric potentials
El Control 
□  P. cepacia 526
Soil Matric Potential ( kPa )
*****ANALYSIS OF VARIANCE***** 
V ariate: ln(sporangia/10 microscopic fields)
Source of variation DF SS SS% MS VR F
Potentials 4 9.32 62.26 2.33 11.10 4.43 (P=0.01)
Ps. cepacia 1 0.45 3.01 0.45 2.14
P o ten tia ls*Ps. cepacia 4 1.01 6.75 0.25 1.19
Residual 20 4.19 27.98 0.21
Total 29 14.97 100.00 0.52
SE=0.1610, CV%=8.5
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Fig. 6.2. Hyphal lysis ofPy.. ultimum  in soil a t -3.0 kPa.
Fig. 6.3. Hyphal lysis of Ph. cinnamomi in soil at -3.0 kPa.
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Fig. 6.4. Py. u ltim um  hyphal lysis, w ith or w ithout Ps. cepacia 526, in soil a t 
various m atric  potentials.
E3 Control 
□  P. cepacia 526
Soil Matric Potential ( kPa )
*****a n a l y s is  o f  v a r ia n c e *****
V ariate: sin'^-(square root of % hyphal lysis)
Source of variation DF SS ss% MS VR F
Potentials 2 99.62 14.21 49.81 1.73
Ps. cepacia 1 189.44 27.02 189.44 6.59 4.75 (P=0.05)
P o ten tia ls*Ps. cepacia 2 67.00 9.56 33.50 1.17
R esidual 12 345.00 49.21 28.75
Total 17 701.06 100.00 41.24
SE=3.610, CV%=7.3
Fig. 6.5. Ph. cinnam om i hyphal lysis, w ith or w ithout Ps. cepacia 526, in  soil a t 
various m atric potentials.
E3 Control 
ö  P. cepacia 526
-1 .5
Soil Matric Potential ( kPa )
*****ANALYSIS o f  v a r ia n c e *****
Variate: s in 'l(sq u are  root of % hyphal lysis)
Source of variation DF SB SS% MS VR
Potentials 2 72.64 13.28 36.32 1.50
Ps. cepacia 1 66.15 12.09 66.15 2.73
Potentials *Ps. cepacia 2 117.06 21.40 58.53 2.41
Residual 12 291.24 53.23 24.27
Total 17 547.09 100.00 32.18
SE=4.510, CV%=11.5
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6.4. D iscussion and conclusion.
The m ethods described in th is chap ter have often been used by other
re se a rc h e rs  an d  m any  re su lts  su p p o rt th e  close a sso c ia tio n  of soil
m icroorganism s w ith  sporangial production and  zoospore re lease  by Ph.
cinnamomi (refer to 6.1). Possible m echanism s of such effects have been stated  to
be (1) th a t  the  soil m icroorganism s enhance Ph. cinnamomi sporulation by
n u trien t depletion and  (2) th a t  the soil m icroorganism s produce stim ulatory
substance. The n u trien t depletion explanation, however, should be applied with
caution. It was not supported by any quantitative studies. Even when those non-
quantita tive  e x p e r i m e n t s c o n d u c t e d  in vitro, the n u trien t levels were hardly
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comparable to the soil n u trien t conditions. For example, M urray (1983) studied 
the  effects of several P e n ic il l iu m  species on Ph. c innam om i  spo rang ia l 
production. The experim ent was conducted by inoculating 20 ml sterile distilled 
deionized w ater in a petri dish concurrently with a Ph. cinnamomi mycelial m at 
and two PDA agar discs bearing Penicillium  sp. (5 mm diam eter). Two controls 
used a Ph. cinnamomi mycelial m at with or w ithout two uninoculated PDA agar 
discs. I t was found th a t a large num ber of sporangia was produced on the 
mycelial m ats in  the dishes inoculated with Penicillium  spp. bu t none on either 
of the controls. M urray concluded th a t the effects of Penicillium spp. were caused 
by n u trien t depletion, i.e. Penicillium  spp. utilized the n u trien t in  the agar. He 
add itionally  suggested  th a t the P enic ill ium  spp. may have also produced 
substances th a t stim ulated  the form ation of sporangia. An explanation based on 
n u trie n t depletion is however in ap p rop ria te  given th a t no sporangium  was 
formed in  the control w ithout PDA agar discs, which in the experim ent was the 
major source of n u trien t according to the author.
The in vitro te s t in this chapter showed th a t Ph. cinnamomi was able to 
produce sporangia in  d istilled w ater as well as in  the soil leachates w ith or
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w ithout Ps. cepacia 526, but the sporangia so produced were aborted. The method 
used in  th is chap ter was different from the s tandard  m ethod for production of 
sporangia and zoospores only in th a t the m ineral sa lt solution was not used. It 
therefore suggests th a t  the m ineral sa lt effects ra th e r than  n u trien t depletion 
effects m ight have existed bu t never been noticed in the previously reported 
in te rac tio n s  betw een Ph. cinnam om i and soil m icroorganism s. It may also 
indicate th a t the sterile m ineral salt solution normally used to wash the mycelial 
m ats for production of sporangia may be equally im portan t in the zoospore 
release as j&rin the formation of sporangia.
Results obtained from both in vitro and soil tests in th is chapter showed 
th a t Ps. cepacia 526 neither affected the sporangial production nor increased the 
lysis of Ph. cinnamomi mycelium. This probably excludes the existence of any 
significant inhibitory effects by Ps. cepacia 526 on the fungus in soil, resulting  in 
its ineffectiveness in  biologically controlling tu rn ip  damping-off caused by Ph. 
c in n a m o m i  (C hap ter 3). The m ycelial lysis of Ph. cinnam om i com m only 
occurring in soil a t various m atric  potentia ls tested  in th is experim ent was 
probably due to the n a tu ra l soil microflora.
Ps. cepacia 526 caused a significant increase in lysis of Py. u ltim um  
mycelium. It seems reasonable th a t there is a clear linkage between the direct 
inhibitory effect on Py. ultimum  and the effective biological control of the disease 
caused by the fungus by Ps. cepacia 526 in soil reported in chapter 3. Again, the 
mycelial lysis of Py. u ltim um  commonly occurring in soil a t various m atric  
potentials tested , in  the  absence of Ps. cepacia 526, was probably due to the 
na tu ra l soil microflora.
Ph. cinnamomi formed sporangia and released zoospores in the constant 
tem perature  room, where the soil tem peratures were optim al, only in sa tu ra ted  
soil. This suggests th a t  zoospores may play an im portan t role in p lan t infection
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and disease incidence only in satu rated  soils, whereas mycelium is im portan t in 
non-saturated  soils and probably also in satu rated  soils.
Since Ph. cinnamomi caused tu rn ip  damping-off, reduced p lan t weight 
and p lan t root w eight a t all m atric potentials tested  in the constant tem perature 
room (C hapter 3), i t  is suggested th a t the mycelial growth in  soil, the p lan t 
infection caused by the mycelium, and the subsequent mycelial growth inside the 
p lan t tissues and the disease incidence were not affected by the soil tem perature 
and m atric potential a t th a t location. Initial infection a t 0 kPa by Ph. cinnamomi 
may be from either zoospores or mycelia or both, but m ust have originated from 
mycelium a t lower m atric potentials.
Ph. cinnamomi caused tu rn ip  damping-off and reduced plant w eight only 
a t 0 kPa, reduced p lan t root weight a t m atric potentials between 0 and -5.0 kPa in 
the high tem peratu re  glasshouse (C hapter 3). One possibility is th a t zoospores 
were produced, in itia ted  infection and progressed effectively so as to cause 
dam ping-off a t 0 kPa, even a t the soil tem peratu re  reached (32.0°C). Another 
possibility may have also existed th a t zoospores and p lan t predisposition by soil 
satu ration , which has been discussed in chapter 3, caused the disease incidence.
Ph. cinnam om i mycelium may be able to in itia te  infection and  cause 
damage in the glasshouse, but the extent of infection and the consequent damage 
were largely affected by the soil tem perature. At -10.0 kPa (38.5°C) and -15.0 kPa 
(39.5°C ), the m ycelia m ight have been completely inactivated  by the  high 
tem perature  and no infection occurred, whereas a t 0 (32.0 °C), -1.5 (32.5°C), -3.0 
(37°C) and -5.0 kPa, the mycelia have not been completely inactivated and some 
infection occurred and damage caused resu lting  in p lan t root weight reduction. 
The p lan t root w eight was probably the m ost sensitive  ind ication  of Ph. 
cinnamomi infection in the study.
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The highest tem perature  of soil a t -1.5 kPa (32.5°C) was comparable to th a t 
a t 0 kPa (32.0°C) in  the glasshouse, yet disease and p lant weight reduction only 
occurred a t 0 kPa (C hapter 3). Since there was no difference in Ph. cinnam om i 
hyphal lysis betw een a t 0 kPa and a t -1.5 kPa, Ph. cinnam om i mycelia alone 
could not possibly be responsible for the disease and p lan t root weight reduction. 
However, a possibility still cannot be excluded th a t Ph. cinnam om i mycelium 
may have infected p lan t more effectively when the p lan t was predisposed by soil 
sa tu ration .
CHAPTER 7. COLONIZATION ABILITY AND GROWTH-PROMOTING EFFECTS
OF PSEUDOMONAS CEPACIA
7.1. Introduction.
The successful app lication  of a m icroorganism  as a p lan t disease 
biological control agent will depend on its fate in soil after being applied. A large 
population in  soil is believed to be a p rerequ isite  for effective action. The 
population is determ ined not only by the soil physical and chemical conditions, 
and byothersoil m icroorganism s, bu t also by the plant. The rhizosphere effects 
resu lting  from p lan t root exudation have long been recognized (Rovira 1965, 
Rovira 1965, Rovira & Davey 1974). The ability for a microorganism  to utilize 
efficiently p lan t root exudates is therefore an im portant component of success in 
colonizing the root. In tu rn , the biological control agent may benefit the host 
p lan t by its direct growth-promoting effects, as well as its disease control effects.
There are a few reports of Ps. cepacia as a biological control agent (refer to
1.3.3), bu t inform ation on its  ability to colonize the rhizosphere soil and p lant
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roots rare. H ebbar (1986) found Ps. cepacia s tra ins to be good colonizers of 
m aize roots, even when the m aize seeds were coated in suspensions w ith an 
in itial inoculum population as low as lO^ cfu/ml.
Inform ation concerning the ability of Ps. cepacia to promote p lan t growth 
is also inadequate. The growth-prom oting effects of Ps. cepacia may be affected 
by the  soil environm ent conditions bu t no evidence is available. Cavileer and 
Peterson (1985) found th a t Ps. cepacia significantly increased p lan t fresh weight 
of China aster in  the presence of Fusarium  in a field test.
The resu lts  in chap ter 3 showed th a t Pseudomonas cepacia 526 had a 
s tim ula to ry  effect on tu rn ip  grow th by increasing  the seedling root w eight 
during the 2 week long experim ents, although it  did not increase the whole plant
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weight. This ind icated  th a t Ps. cepacia 526 was acting as a p lan t growth 
prom oting  rh izobacte rium  as well as a p la n t d isease biocontrol agent. 
Experim entSreported in this chapter aimed to study fu rther the colonization by 
Ps. cepacia 526 of tu rn ip  root and its effects on tu rn ip  seedling growth. At the 
early stage of the research program m e, an experim ent was conducted to study 
the colonization by three Pseudomonas cepacia s tra ins of Pinus radiata roots and 
the rhizosphere soil. The results are also reported in this chapter.
7.2. Materials and Methods.
7.2.1. Colonization by Ps. cepacia of Pinus radiata root and the rhizosphere soil.
7.2.1.1. Ps. cepacia, p lant and soil.
Three s tra in s  of Ps. cepacia (56, 406, 526) were tested. Ps. cepacia 526 
n u trien t broth suspension containing 2.5*10^ cfu/ml was prepared as described 
in  2.2.2. N u trien t broth suspensions of Ps. cepacia 56 (1.4*10^ cfu/ml) and Ps. 
cepacia 406 (1.3*10^ cfu/ml) were also p repared  in  the sam e way. These 
suspensions were serially  d ilu ted  to obtain  th e ir  10^, 10^, 10^, 10^ fold 
suspensions.
Seeds of Pinus radiata (Table 2.1) were surface sterilized by rinsing them  
in  75% alcohol for 1 min, sterilizing w ith 1% sodium hypochlorite for 10 min 
while shaking a t 200 rpm, and then rinsing 10 tim es with sterile distilled water.
Both unsterilized and sterilized soils were used (see 2.4 for details). When 
sterilized soil was required, the soil was steam ed a t 121°C, 30 min each day for 
two consecutive days.
7.2.1.2. Inoculation of seed with bacteria.
Surface-sterilized seeds of P. radiata were put into the serially diluted 
bacterial suspensions and shaken a t 200 rpm  for one hour. The control used P. 
radiata seeds rinsed and shaken in nu trien t broth a t 200 rpm for one hour.
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The in itia l Ps. cepacia populations on seed were counted. Five seeds 
inoculated  w ith  the sam e bacteria l suspension were random ly sam pled and 
shaken in  100 ml of sterile distilled w ater. The bacterial suspensions obtained
O
were a 10 fold dilution. There were three replicates for seeds from the same 
bacterial suspension. Serial dilutions were then made by transferring  1 ml into 9 
ml sterile  distilled w ater. The sam ples of these serial dilutions (0.01 ml) were 
spotted onto a n u trien t agar plate, with 3 to 4 dilution levels per plate and three 
replicate spots per dilution. The agar plates were incubated at 30°C for 48 h to 72 
h and the colonies counted. The bacterial counts were converted to num bers of 
bacterium  per seed.
7.2.1.3. Growth ofP . radiata seedlings.
E ither sterilized or unsterilized soil (40 g) was placed into a large glass 
tube (2.1 cm diam eter, 20 cm long) which was blocked a t one end with a rubber 
stopper. 15 ml sterile w ater was added into each test tube. The glass tubes were 
held a t room tem perature for 24 h for the w ater distribution in the soil to become 
uniform. This was proven suitable for the growth of P. radiata seedlings in  a 
pre-experim ent test. One seed of P. radiata th a t had been rinsed in  e ither 
bacterial suspension or n u trien t broth was then sown into the glass tube and 
covered w ith  2 g of e ith e r sterilized  or unsterilized  soil. To conserve soil 
m oisture, the top soil in the glass tube was mulched with black nylon chips, and 
the periphery  of the glass tube was w rapped w ith alum inium  foil to reduce 
heatin g  of the soil. F ifteen  rep licates were m ade of each soil-Ps. cepacia 
suspension variable. The glass tubes were incubated in a glasshouse for the 
growth of seedlings. The glasshouse daily tem peratures ranged from 18-36°C.
7.2.1.4. Recoveries of Ps. cepacia from plant root and rhizosphere soil.
Four weeks after seedling emergence, the seedlings together w ith the soil 
were pushed out from the glass tubes through the end blocked by the rubber
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stopper. The seedlings were harvested  carefully w ithout dam aging th e ir  root 
system . They were used for recovery of Ps. cepacia from both the root and the 
rhizosphere soil.
To obtain the rhizosphere soil, soil loosely and closely attached to the root 
was w ashed off by dipping and shaking in  10 ml sterile distilled water. For the 
recovery from the root, a single root was m acerated  in 10 ml sterile  distilled 
w ater w ith a m ortar and pestle.
W hen the rhizosphere soil had been w ashed off in 10 ml of sterile distilled 
w ater and when the root was m acerated in 10 ml of sterile distilled w ater, the 
suspensions obtained were a 10^ fold dilution. Serial dilutions were then  made 
for the rhizosphere soil and the root m acerates by transferring  1 ml into 9 ml 
sterile  d istilled w ater. Samples of these serial dilutions (0.01 ml) were spotted 
onto p lates containing rifampicin n u trien t agar which is selective to Ps. cepacia, 
w ith 3 to 4 dilution levels per p late and three replicate spots per dilution. The 
agar plates were incubated a t 30°C for 48 h to 72 h. The rhizosphere soil or the 
root m acerates in the in itial 10^ fold suspension were dried a t 75°C and weighed. 
The actual dry weight of the rhizosphere soil or the root m acerates were obtained 
by the following adjustm ent:
Actual dry weight=weight in the in itial 10^ fold suspension x 10/9
A fter p la te  incubation, Ps. cepacia 526 colonies were counted. All the 
counts were converted to num bers per gram  of rhizosphere soil or per gram of 
root: Ps. cepacia population (cfu/g) = Ps. cepacia 526 counts/actual weight.
All d a ta  for bacterial populations were subjected to analysis of variance 
and  least significant difference test. A n a tu ra l logarithm -transform ation [ln(x)] 
was applied to the data before statistical analysis was performed.
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7.2.2. Colonization and growth-promoting effects of Ps. cepacia 526 on turnip. 
7.2.2.1. Growth of turn ip  and application of Ps. cepacia 526
described in 2.2.2. Turnip seed and the unsterilized soil were used for this test.
This te st was done in the constant tem perature room described in chapter 
3. Since it was found th a t the biological activities of Ps. cepacia 526 were not 
affected by the soil m atric potentials tested in chapter 3, this test was done at only 
one m atric  potential level. The soil m atric potential was controlled a t -3.0 kPa 
using the method as described in 2.4.3.
Soil (50 g) was added to a B uchner funnel, w etted  and allowed to 
equilibrate for 24 h. Turnip seeds (30) were sown into the Buchner funnel and 
covered w ith a th in  layer of soil. Ps. cepacia 526 nu trien t broth suspension (5 ml) 
was then  sprayed evenly into each Buchner funnel. A small am ount of w ater 
was sprayed into each Buchner funnel to sa tu ra te  the soil so th a t the bacterium  
w as d ra in ed  in to  the  soil uniform ly during  the  quick process of w ater
t A 4ie control used 5 ml n u trien t broth w ithout Ps. cepacia 526.
7.2.2.2. H arvest of tu rn ip  seedlings
A fter seeds were sown, seedlings were harvested  from th ree random ly 
chosen Ps. cepacia 526 inoculated B uchner funnels and three control Buchner 
funnels each week for six consecutive weeks. The seedlings together w ith soil 
were pushed out from each Buchner funnel by w ater pressure from the  other 
side of the tension plate. The seedlings were rinsed in tap  w ater to remove the 
soil a ttached  to the root. These seedlings from each B uchner funnel were then  
used for the recovery of Ps. cepacia 526 from the root and the m easurem ent of 
p lan t weight and p lant root weight.
A Ps. cepacia 526 suspension containing 1.5*10^ cfu/ml was prepared as
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7.2.2.3. E xam ination of bacterial populations on roots of tu rn ip  seedlings and 
m easurem ents of the p lant weight and the p lant root weight.
The seedlings were cut into two parts  (root and shoot), the p lan t shoots 
from the same B uchner funnel were dried together to a constant weight a t 75°C 
and weighed.
For the recovery of bacteria  from the root, roots collected from the same 
B uchner funnel were m acerated together in 10 ml of sterile w ater w ith a pestle 
and  m ortar. The suspension obtained was a 10^ fold dilution. Serial dilution 
were made for the root m acerates by transferring  1 ml into 9 ml sterile distilled 
w ater. The sam ples (0.1 ml each) of each dilutions were p ipetted  onto both 
n u trien t agar p lates and rifampicin n u trien t agar plate and spread w ith a sterile 
glass rod. The n u trien t agar is generally used for bacterial culture w hereas the 
rifam picin n u trien t agar is a selective medium for Ps. cepacia. The agar plates 
were then incubated a t 30°C for 48 to 72 h.
The w eight of the root m acerates in the in itia l 10^ fold suspension was 
obtained by drying it a t 75°C and weighing. The weight was again adjusted to 
obtain the actual dry weight of the root m acerates.
After plate  incubation, the num bers of bacterial colonies were counted. 
The counts from th e  n u trie n t agar p la tes were regarded  as to ta l bacteria l 
populations, w hereas th a t from the  rifam picin n u tr ie n t ag ar p la tes  were 
regarded  as Ps. cepacia 526 populations. These counts were converted to 
num bers per gram  of root: bacte ria l population on root (cfu/g) = bacteria l 
counts/actual root m acerates weight.
It was found th a t the tu rn ip  seedling root weight was so small in contrast 
to the p lan t shoot w eight th a t  a m ajor change in  the root w eight had  little  
influence on the whole p lan t weight. In other words, the p lan t shoot weight was
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nearly equal to the whole p lan t weight. So, the p lan t weight and the p lan t root 
weight were used as m easurem ents of the p lant growth.
The p lant root weight were obtained by dividing the actual root m acerates 
weight by the num ber of p lan t roots.
The p lan t weight were obtained by dividing the sum of p lan t shoot weight 
and root m acerate weight by the num ber of plants.
All data  for bacterial populations, p lan t weight and p lant root weight were 
subjected to least significance test. A n a tu ra l logarithm -transform ation  [ln(x)l 
was applied to the data before statistical analysis was performed.
7.3. Results.
7.3.1. Colonization of P. radiata roots and the rhizosphere soil by Ps. cepacia .
After seeds of P. radiata were pu t into the serially  d ilu ted  bacteria l 
suspensions and shaken a t 200 rpm  for one hour, recoveries of Ps. cepacia were 
m ade from the inoculated seeds. The resu lts are shown in Fig. 7.1. Recovery of 
each Ps. cepacia s tra in  was proportional to the inoculum  population used for 
seed inoculation. However, the seed population of Ps. cepacia 526 was sm aller 
th an  Ps. cepacia 56 and Ps. cepacia 406, although the in itia l concentration of 
suspensions were higher.
Figures 7.2-4 show the recoveries of Ps. cepacia from the rhizosphere soil 
and the roots of P. radiata seedlings grown in both sterilized and unsterilized 
soils.
In  the  sterilized  soil, all the  inoculated  s tra in s  of Ps. cepacia were 
recovered from the root and the rhizosphere soil of P. radiata seedlings, even if 
the  populations of the  inocula used  for seed inoculation  w ere as low as 
1()1 cfu/ml. Significant differences existed in the populations on the root and in 
the rhizosphere soil, resulting  from the different populations of the inocula used.
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The h igher the inoculum  population, the greater the population recovered. No 
Ps. cepacia was recovered from the control plants.
In the unsterilized soil, Ps. cepacia 56, Ps. cepacia 406 and Ps. cepacia 526 
were also recovered from the rhizosphere soil and the root of P. radiata seedlings 
pre-inoculated w ith bacterial suspensions of various populations, although their 
populations were significantly sm aller th an  those from equivalent trea tm en ts in 
sterilized soil. Ps. cepacia 56 and Ps. cepacia 406 showed the sam e pa tte rn s of 
recovery from the p lan t root and the rhizosphere soil as in the sterilized soil, i.e. 
th e ir populations were became larger as the inoculum population increased. For 
Ps. cepacia 526, however, the population recovered from the p lan t root and the 
rhizosphere soil was significantly higher for initial inoculum level of *10^ cfu/ml 
th a n  for the  o ther inoculum  levels (*10^ to *10^ cfu/ml). There w ere no 
significant differences in  the populations recovered between the inoculum levels 
of *10^, *105 and *10^ cfu/ml.
Fig. 7.1. Recovery of Ps. cepacia s tra ins from inoculated seeds
P.cepacia 56 
P.cepacia 406 
P.cepacia 526
P.cepacia Inoculum Population ( cfu/ml )
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Fig. 7.2. Recovery of Ps. cepacia 56 froiiT^ilaflrrfoots and rhizosphere soils.
R.I.S.S
R.S.I.S.S
R.I.U.S
R.S.I.U.S
P.cepacia 56 Inoculum Population (cfu/ml)
R.I.S.S —  Root in sterilized soil 
R.S.I.S.S — Rhizosphere soil in sterilized soil 
R.I.U.S —  Root in unsterilized soil 
R.S.I.U.S -- Rhizosphere soil in unstcrilizcd soil
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Fig. 7.3. Recovery of P.9, cepacia 406 from^ la n Vroots and rhizosphere soils.
R.I.S.S
R.S.I.S.S
R.I.U.S
R.S.I.U.S
P.cepacia 406 Inoculum Population (cfu/ml)
R.I.S.S —  Root in sterilized soil 
R.S.I.S.S — Rhizosphere soil in sterilized soil
R.I.U.S —  Root in unsterilized soil 
R.S.I.U.S — Rhizosphere soil in unsterilized soil
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P rvu/ioj*.
Fig. 7.4. Recovery of Ps. cepacia 526 from^laiTtrrbots and rhizosphere soils.
R.I.S.S
R.S.I.S.S
R.I.U.S
R.S.I.U.S
'  ■ '  "'1 TTTTTT ■n-nrnr '  ' '  '"1 ...... 1
P.cepacia 526 Inoculum Population (cfu/ml)
R.I.S.S —  Root in sterilized soil 
R.S.I.S.S — Rhizosphere soil in sterilized soil 
R.I.U.S —  Root in unsterilized soil 
R.S.I.U.S — Rhizosphere soil in unsterilized soil
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In  the unsterilized  soil, bacteria  were also recovered from the  control 
p lan ts, w ith cu ltural characters sim ilar to Ps. cepacia. However, the population 
was significantly sm aller th an  the populations recovered from the Ps. cepacia 
inoculated plants.
7.3.2. Colonization and  grow th-prom oting effects of Ps. cepacia 526 on turn ip  
seedlings.
Ps. cepacia 526 established large populations on the roots of inoculated 
tu rn ip  seedlings. It was so dom inant on the roots th a t its populations were not 
significantly different from the total root bacterial populations (LSD, P=0.01). Its 
population was as much as 4.6*10^ cfu/g root w ithin one week after sowing, and 
increased to the significantly higher levels of 7.1*100 cfu/g root in  the  second 
week and 1.8*10^ cfu/g root in the th ird  week and thereafter m aintained a t this 
level.
The to tal bacterial populations recovered from the uninoculated control 
seedling roots were significantly sm aller than  th a t from the inoculated seedling 
roots. B acteria were also recovered on rifam picin n u trien t agar plates from the 
un inocu lated  control seedling roots. These populations were m a in ta in in g  a t 
around  10^ cfu/g root th roughout the experim ent, significantly sm aller th an  
those on the inoculated seedling roots (Fig. 7.5),
Ps. cepacia 626 significantly increased the p lan t root weight, from the first 
week through to the sixth week after sowing (Fig. 7.6). It was also noted th a t 
most Ps. cepacia 526 inoculated seedlings had  more developed root system , 
including longer roots and more secondary and te rtia ry  roots. The p lant weight 
was also significantly increased after three weeks although not in the first two 
weeks (Fig. 7.7).
In serted  -fUfotos One '9 :see t/A y  W s  Ozcfert*.
yn a M  rep ie sen jf vccturaJTy e x ' i s f  m  s o iA  e u te f a r e  t e z t e f a n j f
O  t o o y y y  ripa /rtpcm  /  - fo r  exampl/ -f-(“°resee/>s_ .
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Fig. 7.5. Colonization of turnip seedling roots by Ps. cepacia 526.
Time (Weeks)
Total bacterial population on inoculated roots
-------  Ps. cepacia 526 population on inoculated roots
-+-----  Total bacterial population on control roots
■O-----  Ps. cepacia-like bacterial population on control roots
Fig. 7.6 Effect of Ps. cepacia 526 on turnip seedling root weight.
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Fig. 7.7. Effect of Ps. cepacia 526 on tu rn ip  seedling weight.
8.00e-3
7.00e-3 - P.cepacia 526 
control
6.00e-3 -
5 .00e-3 -
4.00e-3 -
3.00e-3 -
2.00e-3 -
1.00e-3
Time ( weeks )
7.4. D iscussion and Conclusion.
The experim ent w ith P. radiata  aimed to study w hether Ps. cepacia 
stra ins were able to establish high populations on Pinas radiata  roots and in the 
rhizosphere soil and the ir associations w ith the in itia l inoculum populations. It 
was found th a t Ps. cepacia s tra ins were able to colonize the p lan t root and the 
rhizosphere soil a t low inoculum population (*10^ cfu/ml) in the unsterilized soil 
as well as in  the sterilized soil. It was also found th a t relative colonization was 
enhanced w ith increases in  the inoculum population. Both the rhizosphere and 
the root populations of Ps. cepacia stra ins recovered from the sterilized soil were 
higher th an  th a t from unsterilized soil, indicating th a t the soil m icroorganisms 
in  the unsterilized soil may have had strong effects on the Ps. cepacia strains.
The experim ent confirmed the ability of Ps. cepacia to colonize the p lant 
root and the rhizosphere soil and the effect of different inoculum populations. It 
was realized later, however, th a t more information could have been obtained and 
more conclusive conclusions made had the total soil microbial populations in the
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non-rhizosphere soil, the rhizosphere soil and on the p lan t roots been examined. 
By comparing the Ps. cepacia population and the to tal soil microbial population, 
inform ation concerning the com petitive ab ility  of Ps. cepacia^ gain  the^_soil  ^
m icroorganism s would have been provided.
In the experim ent w ith turnip, the Ps. cepacia 526 population and the total 
bacterial population and th e ir population dynamics over 6 weeks on the seedling 
root were exam ined. I t was found th a t Ps. cepacia 526 was dom inant on the 
inoculated tu rn ip  roots during the 6 week long experim ent, w ith populations 
much larger than  the to tal bacterial population in  the control seedling roots. It
was also found th a t Ps. cepacia 526 was able to promote tu rn ip  seedling growth
by significantly increasing the seedling root weight and the seedling weight. The
results indicated th a t the bacterium  was able to compete effectively w ith the soil
bacteria to colonize the tu rn ip  roots and to promote the p lan t growth. However,
the resu lts  were based on the application of a high Ps. cepacia 526 inoculum
population (1.5*10^ cfu/ml) in  the experim ent. Such a high inoculum population 
iOouU
m ay have pu t Ps. cepacia 526 a t an un rea listica lly  udvarrtagcd  compotiti-vo-^ 
position  in  re la tio n  to th e  soil m icroorgan ism s. R esu lts  ob ta ined  from 
experim ents using lower Ps. cepacia 526 inoculum populations would be useful. 
An exam ination of the fungal populations on the p lan t root would also provide 
valuable inform ation on the  com petition betw een Ps. cepacia 526 and the soil
fungi.
To conclude, Ps. cepacia is capable of extensively colonizing both the 
rh izosphere  soil and  the  p lan t root, and  of prom oting p la n t growth. Such 
capability is enhanced w ith increases in the inoculum  population.
CHAPTER 8. GENERAL DISCUSSION AND CONCLUSION
The developm ent of a p la n t disease m anagem ent s tra teg y  and  the
successful application of a m icroorganism  for p lan t disease control require  a
system atic study to obtain an understanding of the complex interactions between
p lan t and p lan t pathogen, betw een p lan t and the potentia l biological control
agent and betw een p lan t pathogen and the  potential biological control agent.
Correct understand ing  of the associations betw een these complex in teractions
and the soil environm ental conditions are also critical.
The severity of tu rn ip  damping-off caused by Ph. cinnamomi is related to
the pathogen population in soil bu t is greatly affected by soil tem peratu re  and
m atric potential. In the constant tem perature  room where the soil tem peratu re
was optim al for Ph. cinnamomi, the  fungus caused severe disease a t all soil
m atric potentials tested , w ith no significant difference existing betw een them ,
even when the Ph. cinnamomi inoculum level was as low as 0.2%. The disease
became sev e re r  as the inoculum levels increased (C hapter 3). On the o ther hand, 
More severe
in  the glasshouse where the soil tem perature  was not favorable, Ph. cinnamomi 
used a t 1% and 1.5% caused disease only in satu rated  soil (C hapter 3).
Ph. cinnam om i can infect plants by mycelium and zoospores (M arx & 
B ryan 1969, M alajczuk & Theodorou 1979). Both m ay be affected by soil 
tem p era tu re  and soil m atric  potential. The fungus produced sporangia and 
zoospores only in  sa tu ra te d  soil, even when soil tem p era tu res  were optim al
(C hapter 6). Any damage caused by the fungus in  non-saturated  soils, including
ydOuLef
disease incidence, p lan t w eight reduction and p lan t root w eight reduction 
therefore originate from mycelial infection. Zoospores may cause such damage 
only in  sa tu ra te d  soil. The possibility th a t  in itia l infection a t 0 kP a  by Ph. 
cinnamomi m ay also be from mycelia cannot be excluded.
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In the  experim ents reported  in  th is  thesis, Ph. c innam om i m ycelial 
activity was not directly influenced by soil m atric p o te n tia h ^ b u t was greatly 
affected by soil tem p era tu re  (C hapter 6). The p lan t root was of course the 
p rim ary  and  m ost vu ln erab le  in fection  s ite  b u t dam age th e re  may be 
com pensated for, wholly or partially , by fu rth er root developm ent. Changes in 
p lan t weight and disease incidence do not therefore ru n  in parallel w ith change 
in  root weight. P lan t root weight was therefore the most sensitive indication of 
dam age caused by Ph. cinnam om i. The resu lts  of Ph. cinnam om i infection 
through m ycelium  a t all the m atric  potentia ls tested  may resu lt in dam age 
varying from none to root weight reduction and then  to p lan t weight reduction 
and p lan t death, depending on the suitability  of the soil tem perature. W hen the 
soil tem p era tu re  was su itab le , such as in  the  constan t tem p era tu re  room, 
mycelial infection expressed its  whole pathogenic potential so as to cause p lant 
death  a t all m atric  po ten tia ls  tested . W hen the  soil tem p era tu re  was less 
favorable, such as a t 0, -1.5, -3.0 and -5.0 kPa (32.0°C, 32.5°C, 37°C, and 37°C, 
respectively) in  the glasshouse, mycelial infection was slowed down but was not 
completely stopped, resu lting  in less dam age to the p lan t such as root weight 
reduction. W hen soil tem peratu re  was unfavorable or even inhibitory, such as 
those a t -10.0 kPa (38.5°C) and -15.0 kPa (39.5°C) in  the glasshouse, the mycelia 
in soil m ight have been completely inactivated and therefore caused no infection 
or damage.
Turnip seedling survival and  p lan t weight were significantly reduced in 
sa tu ra ted  soil, indicating a p lan t s tress (C hapter 3). I t is therefore very likely 
th a t such stress on the p lan t contributed to the disease incidence in sa tu ra ted  
soil. Soil sa tu ra tio n  m ay have d irectly  increased  the  d isease severity  by 
predisposing the seedlings to infection caused by both mycelia and zoospores of 
Ph. cinnam om i. Such predisposing effects may be particu larly  im portan t when
1 5 4
Ph. c innam om i mycelial activity or the production of zoospores are adversely 
affected by unfavorable soil tem perature.
Complex interactions exist between a ir tem perature, soil m atric potential 
and soil tem p era tu re  (C hapter 3). The tem peratu re  regim e of a p articu la r soil 
may be very different a t various soil w ater contents (which is associated w ith 
different m atric  po ten tia ls) in  one location w ith  a p a rtic u la r  range of a ir 
tem pera tu res, or a t the sam e w ater content b u t a t d ifferent locations w ith 
different a ir tem peratu res. For example, the tem peratu res of soils a t various 
m atric potentials in the glasshouse differed from one ano ther because of their 
different w ater contents, and the  tem perature  of soil in  the glasshouse and th a t 
in  the constan t tem p era tu re  room a t the  sam e m atric  po ten tia ls  w ere also 
different.
Such complex in teractions between air tem peratu re, soil m atric potential 
and soil tem peratu re  are im portan t in determ ining the disease incidence caused 
by Ph. cinnam om i and may account for the conflicting resu lts  and conclusions 
commonly found in  the  previous lite ra tu re s  (refer to 1.2). I t is therefore  
im portant th a t, in  the design of experim ents and in  the in terp re ta tion  of results, 
a tten tion  m ust also be given to these in teractions ra th e r  th an  a p a rticu la r 
variable.
Had the experim ents been performed a t only one tem perature  range (tha t 
unfavorable in  the  glasshouse or th a t  favorable in  the  constan t tem pera tu re  
room), this study would have come to conclusion which may have been partially  
tru e  or may be very different. For in stance , if  the  experim ents h ad  been 
conducted only in  the glasshouse, the conclusion would have been made th a t the 
soil m atric potential is the most im portan t factor in  deciding the disease severity 
and th a t Ph. cinnam om i disease only occurred in  sa tu ra ted  soil due to enhanced 
sporulation. Even if  the m ycelial growth had been exam ined, the conclusion
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could have been th a t the low m atric  potential, bu t not the soil tem peratu re,
re s tric ted  the m ycelial grow th and  infection. The conclusions would have
exaggerated the im portance of soil sa tu ra tio n  and increased sporulation. I t is
therefore not surprising  th a t most researchers found th a t disease caused by Ph.
cinnamomi were severer in  wet soil th an  in  dry soil and  held the  enhanced 
piffre severe
sporulation in wet soil to be responsible (refer 1.2). It is probably why W este and 
her colleagues concluded th a t during  the  hot sum m er, the  low soil m atric 
p o ten tia ls  re s tr ic ted  m ycelial grow th and  sporang ia l production  by Ph. 
cinnamomi (Weste & Taylor 1971, Weste & Vithanage 1977). In fact, the high soil 
tem peratu re  may have been the critical variable. It is therefore im portan t th a t 
experim ents be carried out a t various soil tem peratu re  ranges as well as with 
different soil m oisture regimes so th a t an overview of the interactions between 
soil tem peratu re  and soil m oisture can be obtained.
Mycelial growth of Py. ultim um  and the severity of tu rn ip  damping-off 
caused by the fungus is not affected by the range of soil tem peratu res and soil 
m atric  poten tia ls used (C hapters 3 & 6). Increases in  the fungal inoculum  
population also increased dam age (C hapter 3). This suggests th a t, w ith in  the 
range of soil tem peratures and soil m atric potentials used, the pathogenicity of 
Py. ultim um  is not affected in  the presence of a susceptible host plant. Severe 
disease incidence is probably due to the high susceptibility of the p lan t or the 
g rea t virulence of the fungus or both. The im portance of host susceptibility in 
d isease caused by Py. u ltim um  was supported  by m any previous reports 
indicating th a t soil m atric potentials did not affect disease severity through its 
direct effects on the pathogen, bu t through indirect effects on the host p lan t 
involving changes in the am ount of root exudates (K err 1964, Osburn & Schroth 
1986, Schroth and Cook 1964, Stanghellini e t al. 1971).
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To ob ta in  the  an tag o n ists  of p la n t pa thogens th ro u g h  large-scale 
screening of a large num ber of microorganism s from soil is an im portan t step 
in the developm ent of p lan t disease biological control, when there  is no known 
potential m icroorganism available. It is not possible to te st antagonsim  between 
candidate isolates and p lan t pathogen in  soil due to the workload involved and 
the lack of reliable methods. Instead, culture tests have been used as a shortcut, 
being quicker and easier. However, because the cu lture  te st conditions do not 
accurately rep resen t the full range of variables, nor of th e ir in teractions, the 
re su lts  a re  not alw ays reliable pred icto rs of field resu lts . It is therefore 
im portan t th a t culture te sts  be perform ed under various conditions and using 
d ifferent m ethods, especially w hen a m icroorganism  tested  may produce a 
num ber of antib io tics ag ain st a range of pathogens. The expression of the 
inhibitions will depend on the method used (refer to chapter 4, section 4.4). The 
resu lts obtained from culture tests  should also be confirmed by experim ents in 
n a tu ra l soil. Study of the interactions betw een Ph. cinnamomi and Ps. cepacia 
526, between Py. ultimum  and Ps. cepacia 526 in th is thesis were based on these 
principles.
Antibiotic inhibitions can occur m utually  between a p lan t pathogen and a 
biological control agent. W hile the  biological control agen t m ay in h ib it the 
growth, reproduction and survival of a pathogen, the p lan t pathogen may also 
inhibit the biological control agent. Action by the p lan t pathogen may resu lt in 
the ineffectiveness of the  potentia l biological control agent in  controlling the 
disease.
Ph. cinnamomi inh ib ited  Ps. cepacia 526 in  both agar and liquid m edia 
(rJbre&'f
(C hapter 5). Circum stantial evidences strongly suggested th a t the inhibition was 
related  to the production of short-lived antibiotics by the fungus a t least on agar 
media. It is possible th a t Ph. cinnamomi may also have produced short-lived
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antibiotics in liquid medium as i t  did on agar m edia (C hapter 5). Contents of the 
m edia n u trien t were critical for the  occurrence of the  antibiotic effect of Ph. 
cinnam om i on Ps. cepacia 526 and  th iam ine  was the essen tia l com ponent 
(Chapters 4 & 5). Although this n u trien t effect has not been studied in  soil, it is 
anticipated th a t the  oat seeds on which Ph. cinnamomi inoculum  was produced 
contained th iam ine (C hapter 3) and  may have played an im portan t role in the 
inhibition of Ps. cepacia 526 by the fungus.
Py. ultim um  did not inhibit the growth of Ps. cepacia 526 on any media 
tested, bu t was itse lf inhibited by the bacterium  in both agar and liquid media. 
Also, Ps. cepacia 526 tended to move tow ard Py. u ltim um  and quickly 
m ultiplied perhaps indicating a stim ulatory effect by the fungus.
Ph. cinnam om i and Py. ultim um  therefore vary  considerably in th e ir 
effects on Ps. cepacia 526. The postulated antibiotic produced by Ph. cinnamomi 
seems im portan t in the in teraction  betw een the fungus and Ps. cepacia 526. 
Inhibition by Ph. cinnamomi probably resulted  in  the failure^ of the bacterium  to 
move and m ultiply along the fungal hyphae in  culture (C hapter 5), to affect the 
fungal mycelial growth and sporulation in  both culture and soil (C hapter 6), and 
consequently to control the dam ping-off caused by the fungus (C hapter 3). In 
contrast, Py. ultim um  did not produce any antibiotics b u t probably produced 
stim ulatory  substance. This resu lted  in quick movement and m ultiplication of 
the bacterium  along the fungal hyphae in  culture (C hapter 5), increase*/$£=tiie. 
fungal hyphal lysis in soil (C hapter 6), and in  the effectiveness of the bacterium  
to control the damping-off caused by the fungus (C hapter 3).
Ps. cepacia 526 has been found to produced three antibiotics (pyrrolnitrin, 
am inopyrrolnitrin and xylocandin, H ebbar 1986, Dr P .J. D art & Mr R. Rickards, 
personal communications). Pyrro ln itrin  inhib it ne ither Ph. cinnamomi nor Py. 
ultim um  (C hapter 5). This suggests th a t  py rro ln itrin  could not have been
responsible for the antibiotic interactions between the bacterium  and the fungi in
culture and probably also in  soil. N either am inopyrrolnitrin nor xylocandin was
tested  because of unavailability of the antibiotics. There is hence a possibility th a t
Ph. cinnam om i and Py. u ltim um  may have been affected differently by these
antibiotics produced by Ps. cepacia 526, resu lting  in  differences in  inhibition of
fungal growth and  sporulation and disease control. An antibiotic produced in
cu lture may not be produced in  soil, and may not have the sam e inhibition
against a pathogen in  soil as it has in  culture. It is possible th a t ^ s . cepacia 526
antibiotic inhibitory to Ph. cinnam om i in  culture may not have been produced
or, if  produced, may have lost its effect in  soil, resu lting  in  failure in disease
control. Howell & Stipanovic (1979, 1980) found th a t pyrrolnitrin  and pyoluteorin
were responsible for the  different inh ib itions by P seudom onas fluorescens
against Rhizoctonia  solani and P yth ium  u ltim um . P y rro ln itrin  was strongly
inhibitory to Rh. so lani, bu t not to Py. u ltim um  (Howell & Stipanovic 1979);
whereas pyoluteorin was found to be inhibitory to Py. u ltim u m , bu t not to Rh.
solani (Howell & Stipanovic 1980). Pyrro ln itrin  is not readily diffusible and is
re leased  upon b acte ria l cell lysis, b u t is p e rs is ten t in  th e  soil (Howell &
Stipanovic 1979), w hereas pyoluteorin was absorbed- and inactivated  by the soil
adsorbed
colloids when added directly to soil (Howell & Stipanovic 1980).
The ability of a potential biological agent to promote p lan t growth can 
contribute to reduced disease severity. Such ability is especially im portan t in a 
pathosystem  where the pathogen is not very viru len t and the disease incidence is 
significantly determ ined by p lan t resistance subject to environm ental stress. 
W hile unfavorable environm ental conditions may predispose the host p lan t to 
infection by the pathogen, the microorganism may increase the p lan t resistance 
or simply offset the damage caused by the pathogen by increasing plant growth, 
although  it  may not necessarily  act directly  ag a in s t the  pathogen. In a
pathosystem  w here the  pathogen is very v iru len t and not affected by soil
condition, however, the lim ited growth-prom oting effects of the microorganism
on the host may not be enough. Ps. cepacia 526 has good capability to improve
tu rn ip  p lan t growth resu lting  in  increased p lan t root w eight and p lan t weight
(C hapters 3 & 6). Its ability  to increase tu rn ip  seed germ ination  and p lan t
growth •resrrlt in  increased seedling survival in sa tu ra ted  soil where the p lan t is 
tcsu&ed
stressed (C hapter 3), even in  the  presence of Ph. cinnamomi. In the presence of 
Py. ultim um , the growth promoting effect of Ps. cepacia 526 were less im portant 
or negligible.
For a m icroorganism  to be capable of in ducing p lan t growth, it should
also be estab lished  in the  rh izosphere  and on the  p lan t root and  form a
significant p a r t of the  to ta l m icroflora. Colonization is determ ined  by the
com plex in te ra c t io n s  b e tw ee n  th e  m ic ro o rg an ism  an d  o th e r  soil
microorganism s. The m icroorganism  should efficiently compete fee and utilize
-for
the substrates exuded by the p lan t root or th a t existing in  the soil. Ps. cepacia 526 
apparently has the ability and is able to establish itse lf in  the rhizosphere and on 
P. rad ia ta  roots, even when the  inoculum used is as sm all as lO^ cfu/ml. Ps.
cepacia 526 is also able to compete effectively w i t h s o i l  bacteria  to form the
Other
m ajor p a r t of the  to ta l m icrobial population on tu rn ip  roots (C hapter 6). 
A lthough Ps. cepacia 526 was not tested  on tu rn ip  a t low inoculum population, 
the resu lts indicated th a t the application of a high Ps. cepacia 526 inoculum 
population  m ight well be usefu l in  increasing  tu rn ip  p lan t grow th. The 
combined resu lts of chapters 3 and 6 suggested th a t Ps. cepacia 526 is able to 
compete w ith soil m icroorganism s, to colonize the rhizosphere and p lan t root 
and to promote p lant growth.
The p lan t grow th-prom oting and  the  biological control effects of Ps. 
cepacia 526 were not affected by the soil tem peratures and soil m atric potentials
160
tested  (C hapter 3), indicating good adaptability  of the bacterium  w ithin  these 
ranges.
Suggestions for future work
1. In experim ents reported in th is thesis, the influence of soil tem perature 
and m atric  potential on various activities of Ph. cinnamomi, Py. ultim um  and 
Ps. cepacia 526 have been investigated  w ithin relatively sm all ranges of these 
environm ental variables. As already discussed in chap ter 2 (refer to 2.4.3), it 
was expected th a t the m atric potential differences w ithin the range used would 
have had  significant effects on Ps. cepacia 526 and, on the mycelial growth, 
sporangial production and zoospore release of the fungi. Soil tem peratu res and 
m atric potentia ls used showed significantly differential effects on the mycelial 
growth and sporangial production and zoospore release of Ph. cinnamomi, and 
on the dam ping-off it  caused. No such effects, however, were shown on Py. 
u ltim um , nor on Ps. cepacia 526 in relation to its  p lan t growth-prom oting or 
disease control effects. A wider range of soil m atric  potentials may well have 
significant effects on these  two m icroorganism s and therefore should be a 
subject for fu rth er studies. The circum stantial evidence, th a t  high tem peratu re  
affects infection by zoospores and m ycelia of Ph. cinnam om i differently , 
(C hapters 3 & 6) requires confirmation by fu rther experim ents on the responses 
of these structu res to high tem perature.
2. C ircum stan tial evidence has shown th a t Ph. cinnam om i produced 
short-lived antibiotics, which inhib ited  Ps. cepacia 526 in  vitro and may also 
have been responsible for the  failure by the bacterium  to control the disease 
effectively. The existence of these antibiotics needs to be confirmed and  th e ir 
p roperties characterized . Influence of n u trien ts  especially th iam ine  on the
161
in teraction  betw een Ph. cinnamomi and Ps. cepacia 526 needs exam ination 
quantitatively in  soil.
3. The effects of Ps. cepacia 526 on Ph. cinnam om i m ycelial grow th, 
sporangial production and zoospore re lease and on Py. u ltim um  m ycelial 
growth have been studied. F u rth er work should examine effects of the bacterium  
on the saprophytic growth and survival by the fungi in soil (chlamydospores and 
oospores).
4. The different effects of the antibiotics produced by Ps. cepacia 526 on Py. 
ultim um  and Ph. cinnamomi need to be studied fu rth er in culture and in  soil, 
when the antibiotics become available. The indication th a t Py. ultim um  may
have produce d ^ u b s tan ce*  s tim u la to ry  to Ps. cepacia 526 requ ires fu rth e r
d <,uk><s.iar\ce or 
investigation.
5. The m echanism s by which Ps. cepacia 526 stim ulated  p lant growth also
require! fu rther studies.
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